Solid-state NMR studies of cobalamins by Kirby, Christopher William
Solid-State NMR Studies of Cobalamins 
Christopher William Kirby 
A t hesis 
presented to the University of Waterloo 
in fulfilment of the 
thesis requirement for the degree of 
Doctor of P hilosophy 
in 
C hemis t ry 
Waterloo, Ontario, Canada, 2000 
@Christopher William Kirby 2000 
National Library 1*1 of Canada Bibliothèque nationale du Canada 
Acquisitions and Acquisitions et 
Bibliographic Services services bibliographiques 
395 Wellington Street 395. rue Wellington 
Ottawa ON K I A  O N 4  Ottawa ON K I  A ON4 
Canada Canada 
Your me Voue n(fémnC0 
Our file Notre r t i f B ~ ~ ~ 4  
The author has granted a non- 
exclusive licence aliowing the 
National Library of Canada to 
reproduce, loan, distribute or sell 
copies of this thesis in microform, 
papa or electronic formats. 
The author retains ownership of the 
copyright in this thesis. Neither the 
thesis nor substantial extracts firom it 
may be printed or otherwise 
reproduced without the author' s 
pemiission. 
L'auteur a accordé une licence non 
exclusive permettant a la 
Bibliotheque nationale du Canada de 
reproduire, prêter, distribuer ou 
vendre des copies de cette thèse sous 
la fonne de microfkhe/film, de 
reproduction sur papier ou sur format 
électronique. 
L'auteur conserve la propriété du 
droit d'auteur qui protège cette thèse. 
Ni Ia thèse ni des extraits substantiels 
de celle-ci ne doivent être imprimés 
ou autrement reproduits sans son 
autorisation. 
The University of Waterloo requires the signatures of al1 persons using or pho- 
tocopying this thesis. Please sign below, and give address and date. 
Abstract 
Solid state NMR studies have been performed on two members of the cobalamin 
family, namely vitamin B 12 and met hylcobalamin, using single-crystal NMR. st at ic 
powder NMR? and magic angle spinning NMR techniques. 
The chemical shift and quadrupolar coupling tensors of the cobalt centre of 
vitamin Bi2 have been determined via single-crystal jgCo NMR at  11.75 T. The 
chemical shift tensor was found to span (Cl) 1173 I 6 2  ppm, to have an isotropic shift 
(&,,) of 4549 75 pprn, and possess a skcw ( K )  of 0.31 fr 0.02. The quadrupolar 
coupling tensor of vitamin B12 was fomd to be large with a quadrupolar coupling 
constant (x) of 27.31 & 0.08 MHz and an asymmetry (7) of 0.243 31 0.005. 
Selective labelling of the cyano group of vitamin Biz using 15N and '5N,'3C 
cyanide and preparation of methyl-13C-cobalamin allowed for the study of these 
nuclei around the cobalt centre in these two cobalamins. The nitrogen was too far 
rernoved to see any effect due to the cobalt nucleus. However, the carbon spectra 
were greatly affected by both J-coupling and residual dipolar coupling due to the 
proximity of the directly bonded spin-; (59Co) nucleus. Simulation of the methyl- 
'3C-cobalamin was not possible, but that of ~~ano-~~N,~~C-cobalarnin yielded a one 
bond Co-C J-coupling of 165 & 10 Hz- 
The two cobalamins in this study can be forced to adapt a base-off conformation 
via chemical means. Using 31P NMR, we have been able to determine if a cobalamin 
is base-on or base-ofF from the isotropic chemical shifts (son= -1.3 I 1 ppm, J O f f =  
4.6 f 0.3 ppm), the spans of the chemical shift tensors (R,= 184 & 3 pprn, G o f f =  
112.5 & 7.5 ppm), as well as the chemical shift tensor skews (K.,= 0.355 f 0.035, 
r; , f f= -0.72 3~ 0.01). We believe that this trend can be used to determine if an 
enzyme-bound cobalamin adapts a base-on or base-off conformation. We have also 
studied the "Co NMR spectra of the base-of€ cobalamins. 
Deuteriurn NMR studies of methyl-d3-cobalamin and its base-off analogue have 
revealed information about the d ~ a m i c s  of t hese two complexes. The activation 
energy for methyl group rotation of the base-off conformation is significantly less 
than that for the base-on conformation indicating that base-off cobalamins have a 
weaker cobalt-carbon bond. 
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This thesis is concerned with the application of nuclear magnetic resonance (NMR) 
spectroscopy to the study of the vitamin B12 famiIy. Vitamin B12 is famous as the 
"miraculous~' treatment of pernicious anemia.[l] As early as 1824,[2] researchers 
descri bed reports of rnegaloblastic anemia, noting that patients had both gastric 
and neurological problems, and suggested that the disease was a "disorder of the 
digestive and assimilative organs." Until the early 190O9s, this disease was fatal due 
to the usual treatment with "Fowler7s solution" (an arsenic-containing solution).[3] 
In 1926, Minot and Murphy[4], future Nobel Laureates, showed that a liver-rich diet 
(half a pound a day!) would greatly help patients with pernicious anemia. Castle[J.] 
was the first to understand that pernicious anemia was characterized by either the 
lack of one or both of two essential components which he narned the extrinsic and 
intrinsic factors. Vitamin BI2 was the extrinsic factor and the intrinsic factor was a 
protein in the stornach that allows for absorption of the vitarnin. Many companies 
were independently trying to discover the structure of vitamin Blz (B from the A/B 
CHAPTER 1. INTROD UCTORY COMMENTS 
distinction given to the first organic (A)  LÏT. water (B) soluble "vital amines" and 
I I  as it was the twelfth found in the water soluble vitamins), but it was not until 
Glaxo provided a crystalline sample to researchers at Oxford that the structure 
kvas determined. Hodgkin and CO-workers published a series of papers concerning 
the structure of vitamin B12[6, 7, 8, 9, 10, I l ]  of which the last of this series gives 
the crystal structure of vitamin BI? seen in Figure 1.1.[11] Things to note in this 
structure are the cobalt centre, the corrin ring which provides four nitrogens that 
are bonded to the cobalt' the dirnethylbenzirnidazole base (providing a fifth COS 
bond) joined to the corrin ring with a nucleotide "tail," and the cyano group which 
completes the octahedral coordination about the cobalt. 
Metals such as cobalt play a vital role in many biological systems, occurring at 
sites of catalytic or structural importance in various ring-based, protein, and nucleic 
acid assemblies.[l, 121 Numerous techniques have been used to study metal centres 
in such materia!s,[l3] including X-ray diffraction (as was the case for vitamin Biz 
described above) and absorption, ultraviolet/visible spectroscopy, as well as mag- 
netic resonance, bot h electron (ESR) and nuclear (NMR), techniques. Of t hese, 
NMR is the most versatile and widely used technique, with application to systems 
containing bot h paramagnetic and diamagnetic metal sites in both solution and the 
solid-s tate. NMR studies of biologically relevant materials containing met al centres 
have been predominantly 'H solution NMR studies,[l4] with extensions to 13C and 
15N[15] to characterize the organic assembly surrounding the metal centre. Direct 
observation of the met al nuclei t hemselves has generally been avoided, although 
in many cases the metal is usually directly involved in the biological activity. In 
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Figure 1.1: Crystal structure of vitamin BI* (from reference [Il]). 
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cases where NMR of the metal nuclei has been used, the studies almost invariably 
are with spin-$ isotopes,[lô] such as 111*"3Cd, lg5Pt, or lg9Hp. Quadrupolar nuclei 
(those nuclei with nuclear spin quantum number, 1, 2 1): although naturally oc- 
curring, were deemed unsuitable because of their efficient quadrupolar relaxation 
and concomitant broad lines; hence they were often substituted by unnatural rnet- 
als possessing spin-$ isotopes, e.g.: 6'Zn replaced by "3Cd or lg9Hg. Such metal 
replacements often cause a severe decrease in- or complete loss of, biological activity. 
Q uadrupolar nuclei have become more accessible for st udy. especially for solid 
samples, over the past few years with the availability of high magnetic field strengths 
(Bo 2 11.73 T), new advances in NMR probe design including dynamic angle 
spinning (DAS)[17] and double rotation (DOR)[18] probes, as well as new pulse 
techniques such as multiple quantum magic angle spinning (MQMAS).[19] These 
techniques have been developed to allow the acquisition of high resolution spectra 
of quadrupolar nuclei in solids. However, in high resolution experiments, the orien- 
tation dependence (or anisotropic nature) of the NMR interactions is lost. These 
anisotropic interactions, which are usually described by second-rank tensors, pro- 
vide detailed descript ions of the local t hree-dimensional electronic environment. Al1 
of the IL'MR interactions witl be described in some detail in chapter 2 which contains 
theory that will be used in the remainder of this thesis. The ability to interpret the 
NMR spectra presented in this document in terms of the local structure depends 
on an understanding of the values and the orientations that these tensors adopt in 
different environments. 
The two compounds of interest in this thesis are vitamin Bl2 (cyanocobalamin 
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or B12) and its related coenzyme methylcobalamin (MeBlz). These belong to a 
family of compounds for which a better understanding of the local environment of 
the metal centre (in this case cobalt) may lead to an increased comprehension of the 
biochemical structure (with regard to conformation around the metal). Cobalt is 
a good nucleus to pursue via NMR. The only naturally occurring isotope of cobalt 
is "Co, which has a high magnetogyric ratio (directly related to its resonance 
frequency) malcing i t  a highly receptive nucleus (approximately 27.7% of 'H) and 
therefore a prime candidate for NMR studies. It is also a quadrupolar nucleus (1 = 
f )  with a nuclear quadrupole moment of 0.4 x 10-28 m2. A further advantage (as 
well as difficulty) is its large chemical shift range (over 1s 000 ppm) making "Co 
NMR very sensitive to the local environment, but this also makes it very difficult 
to  observe the entire chemical shift range in a single experirnent. 
Vitamin BI2 and its derivatives contain a metal-carbon bond which is rare in 
nature. Various features of the structures of this class of compounds have been 
suggested as factors in the cobalt-carbon bond scission that is a t  the root of their 
biochemical function. Deformation of the corrin ring has been proposed to facilitate 
the methyl transfer in MeBi2.[20] An X-ray crystal structure of MeB12 bound to 
a 27-kDa fragment of methionine synthase (Escherichia coli) has shown that the 
dimethylbenzimidazole tail is displaced by a histidine residue of the protein.[21] A 
second X-ray structure of a cobalamin bound to an enzyme (adenosylcobalarnin 
with methylmalonyl-CoA mutase) was also found to be in a base-off conformation 
(the tail was displaced).[22] ESR investigations of adenosylcobalamin bound to 
dioldehydratase, however, show that the tail is not displaced in the holoenzyme. [23] 
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ESR results, however, are not of the natural complex (the cobalt must be reduced 
from Co(II1) to Co(I1) to do ESR studies). Changes in structure (both geometric 
and electronic) at the cobalt centre that accompany the actions of such mechanisms 
should be readily identifiable through characterization of a sensitive probe of the 
local metal environment. Since is very sensitive to the local environment, a 
single-crystal "Co NMR study of vitamin BI2 was performed (described in chapter 
3).  This is the first single-crystal NMR study of a metal nucleus in a biologically 
relevant molecule. The orientations of the chemical shift and quadrupolar coupling 
tensors at the cobalt centre were unambiguously determined by obtaining "Co 
NMR spectra as a function of the orientation of a single crystal of vitamin B12 in 
the magnetic field. These results provide the basis to understand changes in the 
chemical shielding and quadrupolar coupling interactions of 59Co in cobalamins in 
terms of explicit variations in the metal environment. 
Nuclei with 1 = $ near a metal site (e -g . ,  13C, 15N, etc.) can sometimes be in- 
troduced using synthetic or biosynthetic methods and used to help probe the metal 
indirectly using magic angle spinning (MAS) as well as static NMR techniques. 
Chapter 4 contains static and MAS results of the cyano group or rnethyl group 
attached to the cobalt centre in B12 or MeB12 using both 13C and 15N NMR and 
selective Iabelling techniques. These results, as much as they reveal, show that it 
would be more efficient to study the metal itself in enzyme-bound B12 derivatives 
due to background signals that would be observed (especially with respect to 13C 
NMR) even if selective labels are introduced. 
Quadrupolar nuclei can be studied by static NMR techniques as well single- 
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crystal NMR techniques. Vitamin BIî and its active biological forms have been 
previously studied via static 59Co NMR.[24] However, at least two of these active 
forms have been shown to adapt a base-off forrn when bound to an enzyme.[21.22] 
There are synthetic methods available that permit one to obtain vitamin B12 and 
methylcobalamin in base-off forrns. In chapter 5, a jgCo NMR study of powder 
samples of the base-off forms of these two complexes is described. The only nucleus, 
other than the cobalt centre itself, that is unique in the structure of cobalamins is 
phosphorus. This lead us to examine the solid-state 3LP NMR spectra of the base- 
on and base-off forms of the two cobalamins. These 31P NMR results show that the 
chemical shift tensors of the base-on forms are the sarne, the chemical shift tensors 
of the base-off forms are the same, but chemical shift tensors of the base-on and 
base-off forms are significantly different. This appears to give us a simple selective 
experiment using a naturally occurring and unique nucleus, to  study cobalamin 
conformat ions. 
Deuterium NMR is commonly used to study the dynamics of molecular sys- 
tems. When 2H is studied, a selective label is usually introduced into a molecule. 
Methylcobalamin is one of the two co-enzyme forms of vitamin BI*. Methyl-d3- 
cobalamin is easily made and therefore we can use 'H NMR to study the dynamics 
of this methyl group. From the results in chapter 5 ,  it follows that it is possible 
to force MeB12 chemically into a base-off conformation. In chapter 6, a variable 
temperature 'H spin-lattice relaxation study of the base-on and base-off forms of 
met hyl-d3-cobalamin is described. 
The  final chapter in this thesis briefly reviews the conclusions drawn in chapters 
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3 - 6 as well as future work that builds on the results of this project. Suggestions 
are made on how solid-state NMR techniques can be used in future work in biolog- 




2.1 The Interactions 
The full nuclear spin Hamiltonian of a diamagnetic compound is given as[25] 
where the total Hamiltonian (T) is the surn of the Zeeman (Z), radiofrequency (RF), 
chemical shielding (CS), direct dipolar (DD), indirect spin-spin (J), quadrupolar 
(Q), and spin rotation (SR) Hamiltonians. The Zeeman interaction is the essential 
interaction for NMR spectroscopy; in general al1 of the other interactions are weaker 
than the Zeeman energy, thus are perturbations of this interaction in an NMR 
experiment. A brief discussion of each interaction will be provided here. For a more 
detailed picture, the following monographs and reviews are suggested. [Z, 26, 271 
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2.1.1 The Zeeman Interaction 
If a nucleus possessing spin (i.e' 1 > O) is placed in a magnetic field, Bo' the 21 + 1 
nuclear spin energy levels become non-degenerate. The  energy between these levels 
is dependent on the magnetic moment of a nucleus, g, and Bo, as described by the 
Hamiltonian, ' f îz, where 
with 71 is the magnetogyric ratio for nuclear isotope 1, h is Planck's constant divided 
* 4 
by 2ii, and 1 is the nuclear spin angular momentum operator. By convention, Bo is 
chosen to be along the laboratory z-axis. The usual convention is to use frequency 
units rather than units of energy when discussing NMR spectra. The frequency at 
which a pure Zeeman transition occurs is given by the Larmor frequency, uo, of a 
where vo is in Hz. A11 of the remaining interactions are perturbations of the Zeeman 
interaction. 
given nuclear isotope, 
2.1.2 The Radiofrequency Interaction 
vo = 
NMR would not be possible without the radiofrequency (RF) interaction. In a 
pulse Fourier Transform (FT) NMR experiment, a time-dependent radio frequency 
field, BRF, is placed along an axis perpendicular to  Bo (either x or y). This RF 
Y& - 
27r 
CHAPTER 2. N M R  THEORY 
pulse induces a transition between nuclear spin energy levels, 
A - - 
??RF = -y lhI  - BRP 
where 
and BI is the amplitude of the RF field with a carrier frequency of ~ 2 / 2 ~ .  The t ime- 
dependent fields of the RF Hamiltonian can be used for all FTNMR experiments 
to allow observation (and suppression if desired) of the effects of the following 
Hamiltonians. 
2.1.3 The C hemical S hielding Interaction 
When an atom or a molecule is placed in a magnetic field, the electrons surrounding 
the nucleus (or nuclei) are induced to circulate. As the electrons circulate about 
the nucleus, a local magnetic field is created that will add to the applied field 
experienced by the nucleus. This phenomenon is h o w n  as chemical shielding. 
Chernical shielding is either positive or negative with respect to the magnetic field 
direction and, since this shielding is induced by the magnetic field, it is proportional 
to the magnetic field strength, 
where 5 is the chemical shielding tensor. The chernical shielding tensor describes 
the effect of the circulat ing electrons as they modify the magnetic field experienced 
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by the nuclear spin, 1. 
The chemical shielding Hamiltoaian can be written as 
This form can be sirnplified since Eo is taken to be  along the z-axis. I, and I, 
-. 
do not cornmute with uz when Bo is along z, therefore only one terrn survives: 
I~O;L=~B, .  This Iaboratory frarne chernical shielding tensor can then be expressed 
where 3 can be further broken down into symmetric (5') and antisymmetric (F )  
terms using the transpose (rT) of the tensor in equation 2.8. These two terms are 
and 
In NMR experiments, only the symmetric part of a chemical shielding tensor can 
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be observed directly and is usually described in its principal axis system (PAS) as 
where RPas and R?fZS are rotational transforrnations[2ô] from the lob frame to the 
PAS. The three diagonal elements above are known as the three principal compo- 
nents of the chemical shielding tensor where cl, is the least shielded, 033 is the 
most shielded, and 0 2 2  is bettveen, or equal to one of, the two extremes. 
Two common quantities used to describe the CS tensor are span (Q - the breadth 
of the chemical shift tensor) and skew ( r i  - a measure of the symmetry of the 
chemical shift tensor).[29] Span is the difference between the least shielded and 
most shielded component of the tensor 
and skew is given as 
K =  
3(0iso - 022)  
52 
(2.13) 
Skew can have values ranging from +l to -1. Figure 2.1 gives examples of pcsitive 
and negative n. Both 52 and K are measures of the orientation dependence of the 
chemical shielding tensor. [29] 
The anisotropic chemical shielding interaction can be represented in its PAS 
which is seen in Figure 2.2, where 6' and p are the polar and azimuthal angles 
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Figure 2.1: Examples of skews: A) tc = 1, B) 1 > n > O, C )  O > rc > -1, and D) K 
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Figure 2.2: The orientation of Bo in the PAS of the chernical shielding tensor. 
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describing the orientation of Bo in the PAS. These two angles and the three principal 
components of the chemical shielding tensor give rise to the anisotropic lineshapes 
observed in many solid-state NMR erperiments. The lineshape (v,) of a nucleus in 
a powder sample dominated by chemical shielding can be described as 
Figure 2.3 gives examples of powder lineshapes for nuclei in sites of cubic, axial, 
and less than axial symmetry. Cubic symmetry is observed for nuclei in sites with 
tetrahedral or higher point symmetry. In these cases al1 components are equal (Cl  
= O).  Axial symmetry is observed in sites with bfold or higher point symmetry. In 
such cases, ri = +1 or -1 and 0 # O. In sites with less than 3-fold point symmetry, 
0 # O, 1 > R > -1: and a non-axially symmetric powder pattern is observed. 
The above breakdown of a tensor was purely mathematical. It it useful, however, 
to interpret chemical shielding tensors through a theoretical mode1 of molecular 
structure or bonding. Ramsey [30] proposed t hat chemical shielding could be broken 
down into two terms; diamagnetic and paramagnetic. These two terrns are given 
as follows : [3 11 
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Figure 2.3: NMR spectra for nuclei in sites of a) cubic, b) axial, and c) less than 
axial symmetry. 
where T is the 
ator, both are 
position vector for an electron and Z is the angular momenturn oper- 
with respect to either a chosen origin (k )  or to the observed nucleus 
(CLN). The diamagnetic term in equation 2.16 is only dependent on the ground state 
wave functions and is almost invariant for a given nucleus. The paramagnetic term, 
which is dependent on both ground and excited state wave functions, causes the 
variation in chernical shielding from compound to compound for most nuclear iso- 
topes; exceptions are hydrogen and lithium since these nuclei only have high energy 
excited states and small ranges in chemical shifts. Both terms also include a radial 
density (rW3) term. Cobalt-59, the focus of two of the experimental chapters of this 
thesis, has one of the largest r-3 terms for its d-orbitals resulting in large sensitivity 
in its shielding, thus its large chemical shift range. Diamagnetic shielding is more 
readily calculated than paramagnetic shielding (since diamagnetic is only depen- 
dent on the ground state wave funct ions) and the diamagnet ic shielding constant 
for many atoms have been calculated.[32, 331 Calculated NMR chemical shieldings 
are defined on a scale with respect to the bare nucleus (a nucleus with no electrons 
around it, or at least no net circulation of electrons) at O ppm (parts per million). 
This scale is known as the absolute chemical shielding scale. 
WMR spectra, however, are recorded with respect to  a rererence compound in 
terms of the chemical shift (e-g., TMS for 'H and 13C) in field-independent units 
of ppm. The reference for chemical shielding is the bare nucleus and also uses a 
field-independent scale of ppm. To convert between these two scales, the value of 
the chemical shift of the bare nucleus is necessary From this, the absolute shielding 
of the reference compound (orel) can be determined. The following equation then 
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provides absolute chemical shieldings: 
Therefore, NMR spectra can be obtained, analyzed to give the chemical shift tensor, 
and these results can be converted to the chernical shielding scale using equation 
2.1s to allow for cornparison with ab initio calculations. 
2.1.4 The Direct Dipolar Interaction 
Nuclear spins, like bar magnets, can interact through space. This interaction is 
known as the direct dipolar (to be referred to as only dipolar henceforth) interaction 
and can be expressed as 
where Ï a n d  S c m  be like or unlike spins, and 5) is the dipolar tensor. The dipolar 
Hamiltonian can also be writ ten in the following form, commonly called the dipolar 
alphabet. 
W D D  = r -37r7&2[~ + B + C + D + E + F l p O / 4 ~  (2.30) 
where 
and 0 and d are the polar and azirnuthal angles giving the orientation of the two 
spins with respect to the magnetic field. At the large magnetic fields at which 
NMR experiments are performed, the dipolar interaction is much smaller than the 
Zeeman interaction (typically four orders of magnitude). Therefore only the terms 
that cornmute with gz survive; the A and B terms ( B  only if the spins are the 
same) remain while the ot her terms (C, D, E, and F) are truncated. 
One of the first reported dipolar coupling constants was that between the two 
protons of water in gypsurn (CaS04-2H20)..[34] Figure 2.4 gives the 'H NMR spec- 
trum of gypsum. This characteristic pattern has come to be known as the Pake 
pattern. The information in the Pake pattern of gypsum agreed with the single- 
crystal 'H NMR on this complex (also given in t his seminal paper) and together, 
these gave the best early structure determination of the water molecule. 
An observed dipolar tensor of two unlike spins (the A term) is always axially 
symrnetric and traceless. The dipolar tensor can then be given as 
Therefore, one need only know the dipolar coupling constant, RDD, to completely 
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Figure 2.4: The first Pake pattern. Reproduced from reference [34]. 
characterize 
where rrs is 
the dipolar interaction of two unlike spins, 
the internuclear distance and RDD is given in Hz. 
AS seen in the above equation, dipolar coupling is stronger for shorter internu- 
ciear distances and for larger magnetogyric ratios. Dipolar coupling can broaden 
lines as observed from LH coupling to other nuclei. The dipolar interaction can, 
however, be used to increase the sensitivity of other nuclei using cross polarization 
to tramfer mâgnetization from protons.[35, 361 Bond distances (rrs) can also be 
obtained directly from NMR spectra via  RDD. 
2.1.5 The Indirect Spin-Spin Interaction 
Nuclei can communicate with each other through the electrons between them. This 
communication gives rise to the indirect spin-spin interaction and is given as 
where j is the indirect spin-spin coupling tensor. Equation 2.29 can be expanded 
similarly to 5 to obtain a general tensor with both syrnmetric and antisymmet- 
ric terms.[37] The indirect spin-spin interaction is usually assumed to be axiaily 
symmetric, but, unlike the dipolar interaction, it is not traceless. Recent results 
have shown this assumption to not be exclusively true,[37] but for this discussion, 
the axially symmetric assumption will be used. The isotropie average that can be 
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measured in both solution and the solid state is Ji,,. Assuming axial symmetry, j 
can be written as  
JI  and JII are the perpendicular and parallel cornponents of j wit h respect to the 
internuclear vector and 1 is the unit tensor. As shown in equation 2.30, j can be 
broken down into isotropie and anisotropic t e m s .  Due to rapid molecular tumbling 
the anisotropic term can not be determined from solution NMR. It must be observed 
using solid-state NMR. Due to the identical spin operators for the dipolar and spin- 
spin interactions (see eqns. 2.19 and 2-29), A J can only be observed in combination 
with the dipolar interaction. Therefore, if A J  is non-zero, one observes an effective 
dipolar coupling constant, 
If a bond length is available from a different technique (e -g . ,  X-ray or neutron 
diffraction), RDD can be calculated using equation 2.38. Using solid-state NMR it 
is now possible to measure Rej, and therefore obtain a value of AJ.[38, 391 
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2.1.6 The Quadrupolar Interaction 
In this research, the quadrupolar interaction is very important as cobalt is at the 
centre of al1 the cobalamins and "Co, its sole natural isotope, is a quadrupolax 
nucleus (1 = 7/2). The quadrupolar interaction, in general. is large in comparison to 
the effects of the other NMR interactions. In fact, nuclei with a large quadrupolar 
constant relative to the Larmor frequency, such as 59Co, need to be dealt with 
using second order perturbation theory to describe the effect of the quadrupole 
interaction on the resulting NMR spectra (al1 of the other NMR interactions have 
been described using first order perturbation theory). 
The nuclear quadrupoie moment is due to the asymmetric charge distribution 
within a nucleus. The other important quantity to consider, when dealing with 
quadrupolar nuclei, is the electric field gradient (efg) which is the Laplacian of 
the potential of the electrons surrounding a nucleus. These two couple to give the 
quadrupolar interaction, 
where V is the efg (or quadrupolar) tencor. gq can also be broken down to the 
first order ( ~ 6 ~ )  and second order (@) perturbation terrns as follows: 
where Ki are the components of efg tensor. Note that there is an inverse dependence 
on magnetic field strength in the second order term but no field dependence in the 
first order term. Thus when studying nuclei with large quadrupolar moments: it is 
beneficial to perform experiments at multiple magnetic field strengths to stiidy the 
field effects from the second order perturbation term. 
The quadrupolar tensor can be represented in the sarne fashion as the chernical 
shielding tensors except 21 and p are replaced by t9 and 4 and the a;; are replaced by 
eqi; (where eq,,, eq227 and eq33 are the t hree principal components of the quadrupo- 
lar tensor). The quadrupolar tensor, iike the dipolar tensor, is traceless, but it may 
be non-axially symmetric. In the solid state, the quadrupolar coupling constant, x 
(this is a measure of the strength of the quadrupolar interaction) and the asymme- 
try parameter, q ,  completely describe the efg tensor. 
The quadrupoIar interaction will be important throughout t his thesis when studying 
quadrupolar nuclei directly using single-crystal and/or powder NMR techniques; 
or indirectly when studying a spin-$ nucleus in close proximity to a quadrupolar 
nucleus. In this case residual dipolar effects from the quadrupolar nucleus may be 
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present in the CPMAS spectrum of the spin-; nucleus. 
When studying a quadrupolar nucleus with a large quadrupolar tensor, such as 
"Co, the only other perturbation of the Zeeman interaction that is important is 
chemical shielding. This simplifies the nuclear spin Hamiltonian (equation 2.1) to 
three terms (2 ,  CS, and Q). Nso, when studying a quadrupolar nucleus with a large 
quadrupolar coupling tensor, usually only the central transition is observable (the 
satellite transitions are well spread out to high and low frequency of the acquired 
spectral width). In frequency units, the lineshape equation for the central transition 
for a nucleus with 
vi,-i = 
2 2 
a large quadrupolar interaction is given as, 
w here 
27 9 3 2 
-q cos 24 - -T) cos2 24 A(+) = -8 - * 8 
B(#)  = -- - 1 3 30 - T ) ~  + 2r] cos 24 + -q2 cos2 24 
8 3 4 
3 1 1 3 2 C(4)  = -- + -r12 + 477 cos 24 - -7 cos2 24 
8 3 8 
It is, however, more convenient to compare the relative orientation of the quadrupo- 
lar tensor with respect to the chemical shift tensor. This is done via the Euler 
angles. Figure 2.5 shows the conversion from the polar and azimuthal angles to 
the Euler angles. To be able to perform such a conversion, the following equa- 
tions, which were determined using a rotational transformation matrix, R(a$ y)  = 
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Figure 2.5: a) The magnetic field vector, Bo, is oriented in the PAS of the chemical 
shift tensor by (9, 9 )  and in the PAS of the quadrupolar tensor by (0, 4) .  b) The 
Euler angles a, B, and y give the relative orientation of the chemical shift tensor 
in the PAS of the quadrupolar tensor. 
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Rp (y) % j  ( B )  R&), are needed. [-SI 
sin 79 cos y = cos y cos f l  cos(@ - a) + sin-{ sin 0 sin(6 - a) - cos 7 sin B cos B 
sin rl sin y = - sin 7 cos p sin B cos(4 - a) + cos y sin B sin(Q - a) + sin 7 sin 0 cos 0 
cos 6 = sin B sin 6 cos(4 - a )  + COS ,B COS 0 (1.43) 
Now, if the orientation of one tensor is known in the moiecular frame, the orien- 
tation of the second tensor is also known through the Euler angles. However, the 
orientation of either tensor in the molecular frame is not yet determined. Extra in- 
formation is needed to place either tensor in the molecular frame. Such information 
can be obtained from a dipolar interaction with an adjacent nucleus, on the basis 
of the symmetry of the crystal lattice, or from a single-crystal NMR experiment . 
2.1.7 The Spin-Rotation Interaction 
The spin-rot ation interaction arises from the coupling of a molecule's rotational 
angular momentum, 3; to the nuclear spin of nuclei within the molecule, 
where E is the spin-rotation tensor relating 
netic fields are produced by the circulating 
4 
I and 3. If a molecule can rotate, mag- 
electrons which couple with the nuclear 
spins. As the rate of molecular rotation changes, the rotation field fluctuates and 
this causes relaxation of the nuclear spins. This interaction is generally important 
in the gas phase only and therefore will not be discussed any further. 
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In a single-crystal NMR experiment, NMR spectra are acquired at different orien- 
tations of the crystal in the magnetic field. Figure 2.6 gives an example showing 
how spectra change as a crystal of vitamin Bt2 is rotated. At each orientation, 
the chemical shiftst quadrupolar shifts, and splittings due to the other NMR in- 
teract ions are recorded. The shifts and/or splitt ings are then plot ted wi t h respect 
to the angle from which the experiment was started and this data is fitted using 
equations described below. The equations used for the fitting can be described by 
a first order perturbation theory approach for al1 of the NMR interactions except 
when the quadrupolar interaction is large. In this case, second order perturbation 
theory must be used. To obtain a sense of how single-crystal NMR works, a corn- 
plete derivation of the equations used in single-crystal NMR will be given using 
first order perturbation theory (which is al1 thai is needed when studying spin-+ 
nuclei). This will be followed by a conversion of Volkoff's equations[40] used for 
second order perturbation theory (needed when studying quadrupolar nuclei with 
large quadrupolar coupling constants) into modern terrns. 
2.2.1 First Order Perturbation Theory 
For a small quadrupolar interaction, as well as al1 of the other NMR interactions, 
NMR can be described using first order perturbation theory. Al1 of the interactions, 
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Figure 2.6: Example of single-crystal 59Co NMR spectra of vitamin Biz as a function 
of cryst al orientation. The two peaks are due to magnetically non-equivalent si tes. 
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can be represented, generally, by a tensor T. 
Note the unusual labelling of its elemeots due to the symmetric nature of NMR. 
If NMR experiments are performed on a single-crystal, the observed frequency 
(for chemical and second-order quadrupolar shifts) or frecluency splitting (for the 
remaining interactions) can be given as F which is a product of the direction cosines 
with T. 
Assuming that the crystal is rotated at an angle of ,B with respect to Bo through 
increments of p degrees, starting with an i rotation and Bo lies in the ij plane, 
then the direction cosines of the field with respect to the sample frame are given as 
follows. 
cosy; = cosp (3.47) 
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cosyj = sinpsinp 
Substitution of equations 2.47 - 2.49 into 2.16 yeilds Fi as 
Fi = T;; cos2 /? + Tjj  sin2 cos2 + T~~ sin2 p sin2 + ZTij COS ,O sin ,8 COS p + 
2Gk sin2 sin p cos p + 2Tki cos 0 sin ,û sin p (2.50) 
Fi can be rearranged and written in terms of cosp and cos+. 
Fi = A; + Bicosp+ Cisinp + D;cos2p + Eisin'Sp 
where 
Ci = 2 sin ,B COS PTik (2.54) 
If ,O is set to 90' (i.e., the crystal is rotated perpendicular to Bo), Fi is further 
simplified to 
1 1 
Fi = ,(Tjj - + Tkk) + 6(Tjj - - Tkk) COS 2p + Tjk sin2p 
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Therefore, to completely determine the orientation dependence of NMR interac- 
tions, three perpendicular rotations ( x ,  y, z = i, j, k) must be performed to obtain 
al1 nine components of T. The tensor can tben be diagonalized to obtain the prin- 
cipal components as well as the direction cosines (orientation dependence) of the 
tensor in the crystal frame. 
2.2.2 Second Order Perturbation Theory 
When studying a nucleus with a large quadrupolar interaction (such as jgCo), 
second order perturbation theory must be considered when doing single-crystal 
NMR experiments. Volkoff[40] Ras the first to describe the importance of second 
order effects when studying quadrupolar nuclei. In the following equations, only 
the quadrupolar interaction was considered because the chemical shift interaction 
was insignificant with respect to it in Vokoff's study of 2iAl.[41] The frequency of 
the central transition, uz, of an x-rotation is given as 
u, = n, + pz cos 28, + r, sin 26, + u, cos 48, + v, sin 48, (3-58) 
where 
1 
PX = -(-12c2a,bZ 5 7 6 ~ ~  + 4(c2 + cl)(c$ - cl)) 
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The coefficients b,, c,' c,: and c, are dependent on the principal components 
of the quadrupolar tensor given as 
cl and cz are functions of 1 and mr given as 
and 
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Substitution of equations 2 . 2  and 2.72 into equation 2.64 gives 
This equation can be re-written in modern terms as 
where 
Likewise, equatiom 2.6.5 - 2.68 can be written as 
1 Since only the central transition is observed for large quadrupolar nuclei, rnr = 5 
and cl and C* can be simplified to 
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Substitution of equations 2.74 - 2.81 into Volkoff's equation (XS), the following 
five coefficients (-4 - E )  are given as 
where 
To modify these equations to include the chemical shielding interaction, the chem- 
ical shift terms (under first order perturbation theory as in 3.2.1) simply can be 
added to these equations. Below are the equations used to study a quadrupolar 
nucleus which also has a non-zero chemical shift tensor (using the same sense of x, 
y, z = i, j, 12 as above). 
where 
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Qao and are components of the quadrupolar and chemical shift tensors, and v, 
is the Larmor frequency. Similar to first order perturbation theory, rotations about 
three perpendicular axes need to be performed to obtain the nine components of 
the quadrupolar and chemical shift tensors. 
The results that corne out from the analysis described above will result in a 
quadrupolar tensor that does not include the spin of the quadrupolar nucleus being 
studied. To obtain a value for x in the usual convention, a nuclear spin factor of 
21(2I-1) must be taken into account. Since "Co has an I value of $, the spin factor 
of 42 must be included in the analysis of the single-crystal NMR data. 
2.3 Experiments at the Magic Angle 
2.3.1 Single-Crystal NMR at the Magic Angle 
In single-crystal NMR, we are not limited to crystal rotations at 90° with respect 
to Bo. One convenient method would be to do single-crystal NMR in a standard 
CPMAS (cross polarization with magic angle spinning) probe which is available 
in al1 standard solid-state NMR laboratories. Thus, instead of the result shown 
in equation 2.57 where ,3 = 90° was substituted into equation 2.31, we substitute 
the value of 9 equal to the magic angle (54.74O or cos-'(-&)) into equation 2.51 to 
obtain the following result for a first-order NMR interaction. 
(2.95) 
From this one rotation it is immediately obvious that al1 6 components of a general 
tensor are contained in the 5 parameters. Thus only two rotations would be needed 
to fully determine the magnitude and orientation of the tensor. ft would also be 
possible to just do one rotation and use that information in combination with a 
static powder or rnagic angle spinning NMR experiment to completely determine the 
orientation of the tensor. The main advantage of performing single-crystal NNIR 
at  the magic angle vs. perpendicular to the magnetic field is that a specialized 
single-crysta2 probe or special inserts for a çolenoid probe are not needed where a 
MAS probe is already available. 
2.3.2 NMR While Spinning Samples at the Magic Angle 
In the single-crystal experiments described above, spectra were acquired at specific 
orientations of a crystal. However, it is not always possible to obtain large enough 
single-crystals to perform such NMR esperiments. In such cases, powder and/or 
rnagic angle spinning (MAS) experiments are useful techniques to study solids. In 
powders al1 possible orientations of molecules are present and broad lines are ob- 
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served. To narrow theçe lines, MAS can be used to average many WMR interactions. 
In NIAS: as in static NiLIR, al1 possible orientations of a crystal are present. How- 
ever, we c m  look a t  the effects of magic angle spinning on a single-crystal and by 
analogy get an unders tanding of a non-crys talline (or multi-crystalline) sample as 
a whole. 
In MAS experiments, samples are spun rapidly about the magic angle described 
above. When spinning occurs: p in equation 2.95 becomes tirne dependent and thus 
we must replace p with ~ + t  (where w, is the rotation rate and t is time). 
Here Tho is the isotropic (non-angular dependent) term (+(Ti; + Tjj + T k k )  = Tiso)> 
known as the isotropic or average value of the tensor. As a sample is spun at  the 
magic angle, Tiso is always observed. The a n y l a r  dependent terms give rise to lines 
that are at  frequencies spaced at intervals of w,/27~ from Ti,,. As the spinning rate 
increases, the centerband (Tiso) becornes more intense and the sidebands become 
less dominant. When the spinning speed is as large as the strength of the NMR 
interaction, only Tiso is observed. Herzfeld and Berger1421 developed a method to 
use the intensity distribution at different spinning speeds to elucidate the chernical 
shift tensor, thus, sidebands can be useful to study NMR interactions. For a more 
detailed description, the following readings are suggested. [42, 43, 141 
Chapter 3 
Single-Crystal Cobalt-59 NMR of 
Vitamin Bi? d 
3.1 Introduction 
This chapter describes the first single-crystal NMR study of a biological metal. 
We have completed a single-crystal "Co NMR on cyanocobalamin (vitamin BL2). 
Before discussing this data, a brief description of single-crystal NMR in general 
and previous single-crystal NMR "Co NMR studies on inorganic complexes will be 
presented. 
The best technique available to the NMR spectroscopist to obtain the orien- 
tation dependence of NMR interactions unambiguously at a nuclear site is single- 
crystal NMR. In this experiment, spectra are recorded as a function of the orienta- 
tion of a crystal in the magnetic field. From the data obtained in this experiment, 
information concerning the local structure around the nuclear site can be elucidated. 
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The first report of single-crystal NMR dates back to one of the most significant 
early structure determinations of water in a seminal NMR paper. In 1948, Pake 
reported the single-crystal 'H NMR of gypsurn (CaS04-2H20).[34] In this paper' 
he \vas able to characterize the distance between the two protons of a given rvater 
rnolecule (via  the dipolar interaction) to be 1-58 A and therefore an O-H distance 
of 0.98 A using a bond angle of 10SO from the crystal structure.[45] This early low 
field experiment (0.682 T or 50.5 MHz for 'H) illustrated the power of NMR to the 
scientific community. 
The first single-crystal "Co NMR study was reported in 1969 by Spiess, Hass, 
and Hartman and contained the chemical shift and quadrupolar coupling tensors 
of five cobalt (III) complexes. [46] These complexes were al1 simple inorganic salts. 
The next three papers on single-crystal "Co NMR were reported by Sheline and co- 
workers. [47, 48, 491 The cobalt complexes in these studies were al1 cobalt-carbonyl 
complexes with large quadrupolar coupling constants (ranging from 89.3 MHz to 
159.88 MHz). In 1974, Reynhardt published two papers on single-crystal 59Co NMR 
on [ C O ( N ~ & ) ~ ] C ~ ~  and Co(aca~)~.[5O, 511 AI1 of the single-crystal 59Co NMR studies 
mentioned above were performed at low magnetic field strengths (maximum of 1.6 
T), therefore the precision of the experiments was low with respect to the chemical 
shift tensors. 
The next single-crystal 59Co NMR study did not corne out until 1997 where 
C o ( a ~ a c ) ~  was reinvestigated at 9.4 T by Wasylishen and CO-worliers.[52] In this 
study, two magnetically distinct cobalt sites of this crystal were observed. All 
of the transitions (central and satellites) could be followed during rotations of the 
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crystal. Since the satellite splittings were due solely to the quadrupolar interaction, 
the quadrupolar coupling tensor \vas determined independently. This interaction 
was taken into account in terms of its effects on the central transition and the 
chernical shift tensor was determined. These new results did not agree well with 
those of Reynhardt,[Sl] but those in Wasylishen's report give a more reasonable 
determination of both the quadrupolar coupling and chemical shift tensors. 
When st udying quadrupolar nuclei t hat are in si tes of loiv cryst allographic sym- 
metry, hence large quadrupolar coupling, generally only the central transition can 
be observed in the NMR spectra. As described in section 22.2 of this thesis, 
both the chemical shift and quadrupolar coupling interactions can be determined 
completely by following the central transition alone. 1401 Jakobsen's group[53] have 
described how a solenoid NMR probe with an additional homemade insert could 
be used to acquire single-crystal NMR data. 
In this chapter the results of a single crystal 59Co NMR experiment are de- . 
scribed. A solenoid probehead using a homemade goniometer designed after that 
of Jakobsen was used. Due to the large quadrupolar coupling constant in vita- 
min BI*, only the central transition was observed. This is the first single-crystal 
NMR stildy of a quadrupolar metal in a biologically relevant molecule (vitamin 
BI*) reported in the literature. 
3.2 Theory 
As described in Chapter 2, when studying a nucleus with a large quadrupolar 
interaction, second order perturbation theory rnust be used to interpret the spectra. 
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Therefore, to understand the single-crystal ''Co NMR spectra of the cobalt centre 
of vitamin B12, equations 2-88 - 2.94 must be used for the analysis of the results 
of the rotations about the three orthogonal rotation axes (i, j, k = x? y, i). To 
compare the results of t hese single crystal NMR experiments wi t h ot her li terature 
values, al1 of the chernical shift values can be related directly, but to compare the 
quadrupolar results to quadrupolar coupling constants reported in the literature, 
the nuclear spin factor of equation 2.75 (X(-I-1)) must be taken into account. For 
jgCo (1 = 712) this factor is 42. 
3.3 Experimental 
3.3.1 The Crystal 
A single-crystal of vitamin B iz (Sigma) was grown from an aqueous solution over 
approximately six months. The crystal (2.6 mm x 1.9 mm x 1.1 mm) was coated 
with epoxy to prevent dehydration. The crystal was then indexed by single-crystal 
X-ray diffraction and the cell dimensions agreed wi th t hose originally reported by 
Hodgkin[ll] (space group of P212121, z = 4, with ce11 parameters of a = 15.92 A, b 
= 22.32 A, and c = 25.33 A; a and c are perrnuted from the original report due to 
the modern convention of crystal indexing). Figure 3.1 reveals the crystal indices 
as well as the dimensions. This crystal was then mounted on a brass slide for the 
NMR experiments. 
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Figure 3.1: Crystal of vitamin BIP used in the single-crystal jgCo NMR experiments. 
3.3.2 NMR Experiments 
-411 59Co NMR spectra were acquired on a Bruker AMX-500 NMR spectrometer (Bo 
= 11.75 T) which corresponds to a "Co Larmor frequency of 118.67 MHz. The jgCo 
chemical shifts were referenced to the cobalt standard (1.0 M K3[Co(CN)6] (aq)) at 
O ppm. The typical sweep width was 1 MHz (dwell time = 0.5 ps) therefore pulses 
were kept short (0.8 - 1.0 ps where the 90' pulse was 3.3 ps) to ensure excitation 
over the entire spectrum. A recycIe time of 50 ms was used between the collection 
of 1024 data points for each scan and 153 600 - 921 600 (150 k - 900 k )  scans were 
collected for each orientation of the crystal depending on sensitivity (2 - 12 hours 
per experiment ) . 
3.3.3 Single-Crystal NMR 
The spectra were acquired using a single-channel Bruker wide-line solenoid probe 
with a home-built goniometer insert containing the vitamin BIZ crystal. The go- 
niometer, shown in Figure 3.2, was modeled after that of Vosegaard.[53] The upper 
goniometer in Figure 3.2 was used for rotations x and c, while the lower was used 
for rotation y. In al1 cases, the crystal was kept attached to the Teflon goniometer 
using two-sided tape. Single-crystal SgCo NMR spectra were acquired as a function 
of goniorneter rotation in increments of 15". The chemical shifts (in frequency units) 
were then plotted as a function of crystal orientation and fitted using equation 2-88 
with Microsoft Exce197 to obtain the coefficients A - E for each of the rotations (for 
a total of 15 coefficients). 
Side View 
Top View 
Figure 3.2: Goniometers designed to be used for single-crystal NMR experiments 
at 11.75 T. The upper goniometer shows the orientation of the crystal for rotation 
x, rotation y is shown on the lower goniometer, and rotation z was obtained using 
the upper goniometer but the crystal was at 90' from that çhriwn. 
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3.4 Results 
Vitamin BL2 crystallizes from aqueous solution in the orthorhombic space group 
P21212i (Di, no. 19). Al1 of the cobalt sites in this space group are crystallographi- 
cally equivalent related via 2-fold screw axes. This condition makes al1 of the cobalt 
sites magneticaliy distinct (magnetic equivalence only occurs when nuclei are re- 
lated by a centre of inversion) and will give four NMR signals.[26] However, if an 
NMR experiment is performed when the rotation axis is one of the crystallographic 
axes (a, 6, or c ) ,  the three dimensional space group reduces to trvo dimensions. This 
two dimensional space POUP, plgg, does have an inversion relation such t hat t here 
are two pairs of nuclei and thus, two NMR signals are observed when perforrning 
experiments in such a rotation. This is the case for the results seen previously in 
Figure 2.6. The x rotation in this study was performed about the a-axis (100) and, 
therefore, only two distinct cobalt sites are observed. In this rotation, at angles 
of 30" and 120°, only one peak is observed. This is due to a special projection 
when the crystallographic c- (for 30') and 6-axes (for 120°) are directed along the 
magnetic field. In such cases, complete coincidence of the signals arises. These 
special projections permitted spectral assignment of the crystal axes to within Io, 
substantially reducing any indeterminate error resulting from the mounting of the 
crys t al. 
The  crystal was oriented in the goniometer such that the x, y, z, rotation ases 
correspond to the 100, 021, and 025 directions, respectively. As already described, 
only two signals are observed for rotation x due to symmetry constraints. For the 
other two rotations, four signals always should have been observed. The results, 
shown in the form of rotation plots in Figure 3.3, include the special projections 
described above. In this figure, as stated, only two signals were observed in rotation 
x7 four signals are observed in rotation y, but only three signals were observed in 
rotation z. This observation of three signals in rotation 2 is fortuitous. Two of the 
sites are very similar in rotation z and their spectra overlap extensively, but not 
due to any crystal symmetry constraint. This point will be discussed further below. 
The lines in this figure indicate the "best-fit7' results obtained using a least-squares 
regression analysis of equation 2.5s. 
The 59Co NMR signals from the single crystal gave relatively narrow lines (4 - 
10 kHz) compared to the overall range of frequencies observed in the experiments 
(approximately 240 kHz or 2000 ppm). The frequencies of the peaks, F (in Hz), as 
a function of the rotation angle, p (in degrees), about each of the rotation axes (i, j, 
k = x7 y, z) are given in Appendix A. These frequencies were subjected to a linear 
least-squares fit to equation 2.88, the results of which are given in Figure 3.3. In 
single crystal NMR, the p = 90" frequencies of a given rotation must equal those 
of the p = O0 frequencies of the next rotation (i. e., 90' for x rotation = 0' for the y 
rotation, y(90°) = ~ ( 0 ' ) ~  and z(90°) = x(OO)). To get these end points to match, a 
phase angle of -6.8" is required for the x rotation and -4.7' for the 2 rotation. The 
phase angles are added to correct for small errors in the alignment of the crystal in 
the goniorneter a t  the beginning of each set of rotations. The best fit parameters 
of the fits seen in Figure 3.3 are given in Table 3.1. 
Using the 15 variables obtained from the fits of each site, the chemical shift 
and quadrupolar tensors can be obtained for the cobalt nuclei in the x, y, z axis 
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Rotation X Rotation Y Rotation Z 
t 
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Rotation Angle (degrees) 
Figure 3.3: Plots of 59Co NMR frequency us. rotation angle for each of the three 
rotations in the single crystal experiments of vitamin BI2. The dotted lines result 
from a linear least squares fit to equation 2.88. Rotation z show the crystal orien- 
tation at  which the crystallographic b- and c-axes (special projections where al1 of 
the sites give the same shift) are directed along Bo. 
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Table 3.1: Best-fit parameters for the '"0 single-crystal NMR experiments (values 
in Hz with errors given in parentheses). 
Rotation x Rotation y Rotation z 
site 1 
A 515 SS9 (1 581) 511 134 (1 481) 539 OS2 (576) 
B 36 164 (2 076) -66 31s (2 028) 32 O05 (790) 
C 45 426 (2 195) -40 980 (2 159) 63 036 (839) 
D -31 046 (2 097) 4 763 (2 028) 10 324 (794) 
E -10 528 (2 175) 5 075 (2 158) 6 908 (834) 
site 2 
A 516 184 (1 025) 310 546 (953) 579 572 (91%) 
B 42 884 (1 409) -32 671 (1 305) -10 433 (1 232) 
C 39 390 (1 490) -54 233 (1 390) -2 923 (1 328) 
D 34 171 (1  424) 27 593 (1 305) -718 (1 258) 
E -5 350 (1 476) 16 492 (1 390) -798 (1 33%) 
site 3 
A 516 184 (1 025) 511 169 (908) 579 572 (912) 
B 42 884 (1 409) -32 009 (1 243) -10 433 (1 203) 
c 39 390 ( 1  490) 53 281 (1 323) 2 923 (1  328) 
D 34171 (1424) 27619(1243)  -718 (1 358) 
E -5 350 (1 476) -15 647 (1 323) 798 (1 322) 
site 4 
A 515 859 (1 511) 512 105 (1 790) 541 393 (1 345) 
B 36 164 (2 076) -65 170 (2 451) 29 890 (1 844) 
C 43 426 (2 195) 41 538 (2 609) -55 548 (1 957) 
D -31 046 (2 097) 3 693 (2 451) 9 993 (1 854) 
E -10 528 (2 175) -6 061 (2 689) -7 9Sl (1  948) 
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system for the goniometer. A complete description of the analysis of site 3 is 
included in Appendix B. This appendix also includes a complete error analysis for 
this site using methods described by Prof. R. LeRoy.[54] Diagonalization of the 
chemical shift tensor provides the principal cornponents of the chemical shift tensor 
(as Eigenvalues) as well as the orientation of the tensor in the goniometer reference 
frame (as Eigenvectors). The principal components of the chemical shift tensor 
were found to be SI1 = 5073 f 43 ppm, dZ2 = 4670 & 43 ppm, and d33 = 3902 * 42 
ppm. Likewise, the quadrupolar tensor can be diagonalized to obtain the principal 
components and the orientation of the tensor. The usual convention is to deal 
with x and when discussing a quadrupolar tensor. The values of these quantities 
from this study are x = 2'7.31 * 0.08 MHz and = 0.243 f 0.005. Knowledge of 
the orientation of the unit ce11 with respect to the goniometer reference frame by 
indexing the crystal prior to the NMR experiments permitted the âssignment of 
the principal axis systems of the chemical shift and quadrupolar tensor to discrete 
directions with respect to the molecular structure of vitamin B12. However, each 
NhtR site must be assigned to the appropriate crystallographic site. The differences 
in the three rotation patterns provided the information needed for this problem. 
In rotation z, only one of the pairs of sites that were related in rotation x were 
magneticaliy similar; the otber pair of sites was readily resolved as two independent 
peaks. Inspection of the crystal structure for this orientation of the crystal revealed 
that one pair of sites conserved a pseudo-twofold rotation about Bo for a11 crystal 
orientations within rotation r ;  t hese crys tallographic si tes could be assigned to 
specific sets of spectral iines by symmetry. The assignments of the four sites are 
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given in Figure 3.4. 
Assignment of crystallographic sites to spectroscopic sites permits determination 
of the orientation of the quadrupolar and chemical shift tensors with respect to 
the molecular framework of vitamin BI2. The results from this process on the 
vitamin BI? crystal sites are given in Table 3.2. Two views of a vitamin Bi2 
molecule are given in Figures 3.5 and 3.6 which show the results from Table 3.2 
pictorially. These views allow for a three dimensional sense of the orientation 
of the two tensors of interest in this study. The top view looks down the CoCN 
axis of the molecule; the side view looks approximately perpendicular to the CoC-T 
bond (approximately SOO with respect to the top view). The two tensor interactions 
shown are centrosymmetric so each tensor could be represented by a full inversion 
of each axis through the cobalt site. For the chemical shift tensor, the analysis only 
yields a centrosymmetric tensor, because, as described in section 2.1.3, only the 
symmetric part of this nonsymmetric tensor is directly observable. 
The quadrupolar coupling constant, X, for "Co was found to be significantly 
large (27.3 1 MHz). The largest component of the electric field gradient at the cobalt 
sites lies very close (9.6') to the the C-N(benzimidazo1e) bond. This direction is also 
approximately along the the Co-CN bond (since the tensor is centrosymmetric). In 
eit her case, t his is approximately perpendicular to the corrin ring plane which places 
the two minor components of the quadrupolar coupling tensor in the corrin ring 
plane. These components are not identical (as apparent from Table 3.2) and the 
quadrupolar coupling is slightly nonaxially symmetric with an q of 0.243. This is 
a reflection of the nonsymmetrical nature of the corrin ring surrounding the cobalt 
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Figure 3.4: View of the four sites of vitamin Blz relevant to the z rotation (0%). 
The structure has been simplified and only the core nuclei (Co, five N bonded 
to Co, and the CN group) are given for clarity of the B12 sites. Assignments of 
each of the NMR-characterized sites to their respective crystallographic sites are 
indicated. The plane perpendicular to the z-direction is superimposed on the unit 
c d ,  showing that two molecules are positioned such that the nitrogens of the corrin 
ring lie approximately in this plarie. 
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Figure 3.5: Molecular structure of vitamin Blz (from reference [Il]) with the orien- 
tation of the principal components of the quadrupolar coupling (blue) and chemical 
shift (green) tensors superimposed on a view looking down the NCCo axis. 
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Figure 3.6: Molecular structure of vitamin B12 (from reference [Il]) with the orien- 
tation of the principal components of the quadrupolar coupling (blue) and chernical 
shift (green) tensors superimposed on a view approximately perpendicular to the 
CoCN axis (approximately 80' rotated with respect to the top view in Figure 3.5). 
site: two of the pyrrolidine rings are directly attache4 whereas the other three 
inter-ring Iinkages have an intervening carbon. These directly bonded rings have 
a significant effect on the orientation of the minor components of the quadrupolar 
coupling tensor. The intermediate component (Q22) lies almost direct ly along the 
Co-C(1) vector, mhere C(1) is the corrin ring carbon of the short linkage of the 
right-hand side of both views in Figure 3.5. This carbon is also the point of the 
greatest "pucker" in the corrin ring, lying below the approximate plane formed by 
the other atoms in the corrin ring. 
The isotropic chemical shift (dis,), obtained by an average of the three principal 
components of the chemical shift tensor, is 4749 pprn. The span (Cl) of the cobalt 
chemical shift tensor is approximately 1200 ppm about the isotropic shift from 
5075 ppm at high frequency to 3902 ppm at low frequency. The skew ( K )  is 0.31 
revealing a nonaxially symmetric shift tensor with to high frequency of the 
isotropic chemical shift. With respect to orientation of the chemical shift tensor, 
none of the principal components lie directly along a bond of the cobalt coordination 
sphere. The most shielded component, 633, is directed through one of the triangular 
faces of the cobalt octahedron, away from the phosphate tail and along the plane 
of the benzimidazole group. This orients dil directly along the internuclear vector 
between the cobalt centre and the phosphorus atom of the nucleotide tail. The 
intermediate component, 6227 lies approximately in the corrin ring plane and, as 
found for Q22, is close to the Co-C(1) vector (off by approximately 15O). 
In solid-state powder NMR experiments, the orientation of the tensors in the 
molecular frame is not directly obta i~ed.  Only the relative orientations of the two 
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tensors is accessible. Such orientations are usually given in the form of Euler angles. 
The Euler angles, in single crystal NMR experiments, are the angles that relate the 
two sets of direction cosines. The Euler angles for the relative orientation of the 
chernical shift tensor with respect to the quadrupolar coupling tensor in this study 
are a = 334.0 f 13.0°, ,B = 41.4 & 1.iu, and y = 207.3 f 2.5' (see Appendix B for 
informat ion regarding how the Euler angles are determined). 
3.5 Discussion 
The results presented above compare well \vit h previous investigations of vi tamin 
B12 via "Co solution NMR. The first reported isotropie "Co chernical shift for 
vitamin B12 was 4750 ppm (0.01 M in D 2 0 )  with a linewidth at half height of 11.1 
kHz.[55] A more recent report[24] gives a similar shift at 4650 ppm (concentration 
and solvent not reported) with a linewidth of 28 kHz. Both of these values are 
in close agreement with that of the 4349 pprn obtained in this single-crystal NMR 
study. The broad solution linewidths are in accordance with the large quadrupolar 
coupling constant of 27-31 MHz obtained here in that the solution NMR linewidths 
are indicative of efficient quadrupolar relaxation. The variation in linewidt hs is 
probably due to concentration effects as it has been previously reported that "Co 
solution linewidths/relaxation are significantly affected by concentration.[56] 
Comparison of these results to a solid-state powder NMR study of vitamin B12 
yields good agreement. [24] In this report, 59Co NMR spectra of B12 recrystallized 
from water were acquired at three magnetic field strengths (4.7 T, 7.1 T, and 
11.8 T). From fit ting of the spectra at  t hese multiple fields, a quadrupolar coupling 
CHAPTER 3- SINGLECRYSTAL COBALT-59 NMR OF VIT,4MINB12 
constant of 36.1 & 0.4 MHz and an ri of 0.1 f 0.2 were ob tained. This report uses an 
older convention (based on solution relaxation parameters) to present the chemical 
shift tensor, but these numbers can be translated to compare to those presented 
here. The three principal components of their shift tensor were 5040, 4910, and 
4000 ppm. These values are also in fairly close agreement with the results from 
this single-crystal NMR study. From powder NMR simulations, only the relative 
orientation of the two tensors, via the Euler angles, is available. Single-crystal 
NMR, however, gives the orientation of the tensors directly at a given nucleus and 
also more reliable values of the Euler angles. Their estimate of the Euler angle ,O 
(40 f 20') is in close agreement with the single-crystal NMR results. Their other 
two Euler angles (a = 45' and 7 = 30°) ,  however, do not match very well with the 
results presented here. It is not surprising that the f l  from the powder study is in 
closer agreement than the other two angles because ,O is the Euler angle that has 
the greatest effect on solid-state NMR spectra of quadrupolar nuclei where both 
the quadrupolar and chemical shift interactions contri bute. 
Understanding chemical shift and quadrupolar coupling tensors for met al centres 
in general, and the cobalt in BIZ in particular, via solid-state NMR studies appears 
to be particularly convenient and insightful in probing the local structure in metal- 
centred biological systems. In the static 59Co NMR st udies[24] powder samples 
showed significant differences in their "Co lineshapes when recrystallized samples 
were compared with samples that came "out of the bottle." The most significant 
differences were seen in the quadrupolar coupling tensors (17.7 MHz from bottle 
and 26.1 MHz recrystallized). As reported, this is due to the effect of solvation 
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within the crystal lattice probably causing some deformation of the ligands on the 
corrin ring or ax id  cobalt ligands t hat are then transmitted electronically to the 
cobalt site. In a follow-up to this study7[5ï] Frydman and CO-workers were able to 
distinguish the two vitamin B12 polymorphs that were first described in Hodgkin's 
X-ray studies[g, 111 by doing a series of solvation studies ( i. e., crystallizing vitamin 
B12 frorn different solvents and at  various temperatures). These studies described 
:L~e t ' '  and "dry" forrns of vitamin BI2. In Our study, OUT crystal is the %et" form 
since we coated the crystal with epoxy irnmediately after removing it from the 
mother liquor so that dehydration would not occur. Ln cornparison to Frydman7s 
solvation study, a "wet" sample would be obtained by evaporation from pure water 
us. an organic solvent or mixed organic/water solution. It was difficult to tell 
the differences between purely "wet" and purely "dry" vitamin Blz via "Co static 
spectra (due to  a mixture of polymorphs unless fresh "wet" or new "dry" samples 
were used) , therefore NMR s tudies of spin-$ nuclei were undertaken to investigate 
this more fully. It is interesting that the largest effects are  seen on the quadrupolar 
coupling tensor and only small effects are observed in the chernical shift tensor in the 
"dry" us. "wet" study. Using the assignment of the tensors given in our study, with 
Q33 approximately along the axial ligand direction and the  other two components 
approximately in the corrin ring plane, the quadrupolar coupling tensor would 
be much more sensitive to deformations perpendicular to  the corrin ring. This 
supports their hypothesis of axial ligand deformation as the difference between the 
two crystal forms. [24] 
We believe that solid-state 59Co NMR may aid in the study of enzyme-bound Biz 
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derivat ives such as the structure of methylcobalamin in methionine synthase. (-11. 
Changes in the axial ligands, apparent from this X-ray diffraction study, should 
be observed also in the 59Co NMR lineshape of free and bound forms of the coen- 
zymes. Characterization of the cobalt centre via solid-state NMR also looks to be 
the best spectroscopic avenue to pursue. A recent study of 'T and "N chemical 
shift tensors of several metal-tetraphenylporphyrin complexes showed lit tle change 
in the magnitudes of the principal components, although some sensitivity of the 15N 
data to metal-nitrogen separation was reported.[5S] However, if the metal is stud- 
ied directly, problems of sensitivity (low natural abundances) and spectral overlap 
due to multiple nuclear sites are avoided. Natural abundance studies of cobalamins 
bound to an enzyme would be next to impossible when considering the lower sensi- 
tivity obtained in 15N NMR of vitamin Biz[57] as well as our labelling studies of a 
specific carbon (described in Chapter 4) where there is significant background sig- 
nal even in this "small" molecule compared to the large complexes like methionine 
synt hase. [21] 
The absolute orientations of the chemical shift and quadrupolar coupling ten- 
sors a t  the cobalt site in vitamin Bn constitute the most significant results of this 
study. Absolute orientations of both of these interactions are rare in the literature, 
even for simpler cobalt complexes. The anisotropic NMR spectral properties of 
"Co have attracted much attention recently, through experimental characteriza- 
tion of chemical shift and quadrupolar coupling tensors in simple complexes from 
solid-state NMR spectra of static powder samples [59, 601 and single crystals,[52] 
as well as powder samples of cobalt clusters[ôl] and larger cobalt-centred ring- 
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based systerns.[2rlo 621 These studies have shown that the chernical shift tensors 
of cobalt are highly anisotropic. with R values of up to 2500 ppm for cobalt(II1)- 
tetraphenylporphyrin-di-isoquinoline.[62] The orientations of the chemical shift and 
quadrupolar tensors for cobalt have been found to be independent of each other 
via simulation of powder 59Co NMR[34, 59, 601 as well as single-crystal 59Co NMR 
studies, [52] unless forced by crystallographic symmetry. [64 This is evidence of t lie 
fundamental differences between t hese two NMR interactionsl the ground-s tate de- 
pendence of the quadrupolar coupling interaction through the local electric field 
gradient vs. the singlet-excited-electronic-state dependence of the chernical shift 
interaction. The significance of the characterization of these tensors, in vi tamin 
BL2 as well as other metal systems, lies in the complementary information they 
provide concerning the local metal environment, rather than on any common ori- 
gin or fundamental connection. As more compounds are studied with regards to 
the behavior of these interactions and their relative orientations in a wide range of 
chemical environments, the understanding of their distinct sensi tivi ties in terms of 
local structure will become available. 
Recent theoretical reports, using density functional theory met hods, allow for 
optimism in predicting chemical shift data for cobalt nuclei.[ôl, 65, 661 Unfortu- 
nately, most of these reports only give isotropic information and no data concerning 
the orientation of the predicted chemical shift tensor. This is probably due to the 
use of idealized symmetries for the simple complexes in t hese computational studies. 
The capability of these methods to correctly predict the quadrupolar coupling para- 
meters still remains an open (and important) question, considering the orientation 
of the quadrupolar coupling tensors determined here for vitamin Blz and its appar- 
ent sensitivity to the crystallization as reported by Frydman and CO-workers.[-41 
NMR studies of quadrupolar nuclei have, in general, been avoided in biological 
systems in the past; however, it is important to note the usefiil features of such nu- 
clei. As demonstrated here, the characterization of two separate NMR spect roscopic 
interactions, as well as their orientation dependence, provides a M e r  description 
of the local electronic environment of the rnetal centre. Single-crystal NMR stud- 
ies, such as the one described here, can be time consuming, but  this is partially 
alleviated by efficient quadrupolar relaxation, which permits rapid signal averag- 
ing. The information obtained from such a study as this provides complete and 
unambiguous determination of both the quadrupolar coupling and chemical shift 
tensors. Avenues are continuing to open that allow the study of metal nuclei in 
bioinorganic complexes, including high-resolution solid-state NMR of quadrupolar 
met al nuclei, [l8, 191 and the development of cross-polarization[67, 68, 691 and ot her 
magnetization transfer techniques involving quadrupolar nuclei.[707 71, 721 These 
techniques may aid in determining the explicit role of the metal in biochemical 
pathways. However, these new techniques are not useful when large x's are in- 
volved, thus single-crystal and powder NMR techniques will always be the avenue 
of choice when studying "Co in cobalarnins until better methods can be discovered. 
3.6 Conclusions 
The cobalt chemical shift and quadrupolar coupling tensors of the cobalt site in 
vitamin B12 have been unambiguously determined via single crystal 59Co NMR at 
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11.75 T. This is the first example of single crystal NMR of a quadrupolar or metal 
nucleus in a biologically relevant compound. The results reveal that the cobalt 
chemical shift tensor is highly anisotropic wit h = 4549 I 75 ppm. R = 1173 
+ 62 ppm, and h- = 0.31 f 0.02. The "Co quadrupolar coupling tensor is large 
with x = 27.31 f 0.08 MHz and deviates only slightly from axial symmetry with 
r] = 0.243 k 0.005. The Iargest component of the quadrupolar coupling tensor 
was found to lie about 10° from the Co-N(benzirnidazole) bond, with the minor 
components of the tensor lying approximately in the corrin ring plane. The most 
shielded component of the chemical shift tensor, &, points approximately through 
the centre of one triangular face of the octahedral cobalt coordination and away 
from the nucleotide "tail," whereas the least shielded component, Jil ,  is directly 
dong the Co-P internuclear vector, and 622 in approximately in the place of the 
corrin ring. These results demonstrate that NMR of quadrupolar metal isotopes 
in biological materials is feasible, contrary to popular belief, and particularly so 
for solid materials, where higher magnetic fields and modern pulse techniques now 
permit acquisition of wide-line and high-resolution spectra for smaller sarnples. 
Chapter 4 
13c and 151\j NMR Studies of 
Cobalamins 
4.1 Introduction 
Unlike the single "Co nucleus in vitamin BtZ, there are multiple carbon and ni- 
trogen nuclei in al1 cobalamins. Studying these nuclei, which are directly bonded 
or in close proximity to the cobalt centre, could aid in the understanding of the 
metal centre indirectly. When a spin-; nucleus is next ta andlor in close proximity 
to a quadrupolar nucleus that has a large quadrupolar coupling constant with re- 
spect to its Larmor frequency, residual dipolar effects can be observed in the MAS 
spectra of the spin-$ nucleus.[73] We know of no such examples of cobalt-carbon 
residual coupling constants reported, but there are examples of 59Co-31P residual 
dipolar coupling being observed in vitamin B12 mode1 compounds. [74, 751 To study 
carbon and nitrogen nuclei in cobalamins requires selective labelling experiments. 
This chapter descri bes the results of NMR experiments where L5N and 13C,15N la- 
belling of the cyano group in vitamin B lz,  and 13C labelling oE the methyl group in 
methylcobalarnin have been performed. To understand the WMR spectra of these 
complexes, it is beneficial to know what has been observed in solution 13C and l5X 
NMR of cobalamins as well as in solid-state NMR studies of similar compounds. 
Solution NMR experiments of spin-$ nuclei in cobalamins have been studied 
extensively and are described in a recent review.[Ï6] The solution '5N Ji,. of the 
cyano nitrogen of vitamin BI2 has been determined to be -91.1 ppm with respect to 
CH3N02 at  O ppm.[ïï] This paper also includes the J-coupling between the nitrogen 
and carbon of the cyanide group which was shown to be 8.9 Hz. 
The first solid-state 15N NMR study of a cyano group reported was that of 
acetonitrile.[78] In this study the span of the chemical shift tensor was found to 
be 488 ppm and axially symmetric. Since that time, there have only been three 
other studies of cyano nitrogens. [79, 80, 811 In the benzonitrile study, [79] ten para 
substituted benzonitriles were studied using both solid-state NMR and computa- 
tional methods. The spans of the chemical shift tensors were al1 found to be about 
400 ppm and skews were positive (but not 1.0 and therefore not axially symmetric). 
Cyano groups of other organic cyanides have not been recently investigated because 
they are assumed to be fairly well understood. The only two cyano nitrogen studies 
of a cyanide bound to metal centres are that of potassium mercury(II)cyanide[SO] 
and potassium copper(I)cyanide.[81] The I5N chemical shift tensors were found to 
be axially symmetric and have similar spans (477 ppm for the mercury complex 
and 495 ppm for the copper complex) as well as similar isotropic chemical shifts 
(sir0 was -89.1 pprn in the Hg complex and the two shifts in the Cu complex were 
-97.2 ppm and -91.5 ppm). A two bond J-coupling between the "N and 6 3 C ~  was 
found to be 19 Hz and 20 Hz for the two sites in the copper comples. However, no 
residual dipolar coupling between the copper and nitrogen was observed in the 15N 
MAS spectra of this complex. 
The l3C isotropie chemical shifts of both the cyanide of cyanocobalarnin and 
the methyl group of methylcobalamin have been studied via solution NMR. In 
cyano-13C-cobalarnin, Ji,, was found to be 121.1 pprn in aqueous solution.[S2] Re- 
ported chemical shifts for met hy1-13C-cobalamin depend on the solvent. [S3] In 0.1 
M NaC104 Si,, was found to be 9.51 pprn and in 0.32 M HCl, a "base-off" form 
(v ide  infra), 6;,, was found to be 1.76 ppm. 
Solid-state 13C NMR spectrz of many cyanides and methyl groups have been 
previously investigated. [84] The isotropic chemical shifts of organic cyanides are 
found to range between 111 pprn and 125 ppm.[84] Solid-state carbon cherni- 
cal shifts of carbon nuclei bound to metals are limited to group 10, 11, and 12 
tetracyanometallates. [ôl, 85, 86, 871 In square pianar group 10 compounds, the 
isotropic chemical shifts range from 128 pprn to 139 ppm.[ô5] The group 12 corn- 
pounds form tetrahedral complexes and the &,,'s are found to b e  between 148 pprn 
and 153 pprn. [86] Group 11 tetrahedral complexes are found to be be slightly more 
deshielded with &,,'s from 157 pprn to 162.4 ppm.[81, 871 Organic methyl groups 
range in isotropic chemical shifts from 10 pprn to 25 ppm.[S4] When a carbon is 
bound to a metal, as in Hg(CH3)2,[88] its &, is found to be more shielded at O 
PPm- 
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In this study, we have obtained the I5N solid-state CPMAS and CP static spec- 
tra of cyan-15N-cobalamin as well as the l5 W CP static spectrum of cyano-"NL3C- 
cobalamin. The 15N CS tensor as well as the dipolar coupling constant between 
I5N and 13C has been determined. 46  initio chemical shielding calculations of the 
15N tensor of acetonitrile (as a model) have also been performed and compared to 
our results. With regard to 13C XMR data, CPMAS NMR spectra of cyano- 
15N13C-cobalamin and methyl-L3C-cobalamin have been obtained. From the 13C 
CPMAS spectra of ~ ~ a n o - ~ ~ N ~ ~ C - c o b a l a r n i ~  the indirect spin-spin coupling con- 
stant between carbon and cobalt has been deterrnined. Unfortunately l J i so(C~oC) 
was not accurately determined for methyl-13C-cobalamin, but an estimate has been 
made. 
4.2 Theory 
The basic concepts of MAS were described in section 3-32 .  However, when a 
quadrupolar nucleus is dipolar coupled to a spin-fr nucleus, the situation becomes 
more complicated. The complication is that the dipolar interaction, which is nor- 
mally averaged by MAS, is reintroduced via the C and D terms of the dipolar 
alphabet. [73] The quadrupolar interaction also affects the chemical shielding and 
indirect spin-spin interactions as well. Since we will be studying nuclei dipolar 
coupled to 59Co, the following will describe a a spin-$ nucleus directly bound to a 
spin- nucleus. 
A spin-$ nucleus (S) will 3-couple to a spin-+ nucleus (1) yielding an eight line 
pattern in the spin-$ nucleus spectrum. The splitting between the adjacent lines, 
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however? will not al1 have the same spacing. The frequency of a given line is given 
by the following equation:[73] 
where v, is the frequency of a line, m is the z-component of the nuclear spin 
quantum number S (ranging from S, S-1, ... -S); J,, is the isotropic spin-spin 
coupling, x is the quadrupolar coupling constant of the quadrupolar nucIeus, Rell 
is the effective dipolar coupling between the quadrupolar nucleus and the observed 
nucleus, v, is the frequency of the quadrupolar nucleus a t  the field strength of the 
experiment, S is the spin of the quadrupolar nucleus, q is the asymmetry of the 
quadrupolar tensor, and a and /? give the orientation of the largest component 
of the quadrupolar tensor with respect to the dipolar vector (in most cases the 
chernical bond). The lines are unevenly spaced due to the quadruoplar distortion 
which changes with the value of m. From the uneven splittings observed between 
adjacent lines it is possible to determine information about the quadrupolar tensor 
indirectly from the spin-; spectrum. 
4.3 Experimental 
4.3.1 Synthesis 
99% labeled 15N and 1 3 C L 5 ~  cyanocobalamin were prepared using the following 
general method with slight modifications:[89] 118.7 mg (1.795 mmol) of "N-labelled 
potassium cyanide was dissolved in water (S mL) and added to 198.8 mg (0.148 
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mmol) of vitamin BIza also dissolved in water (47 mL). Hydrochloric acid (0.1 LM) 
was added dropwise until the pH was slightly acidic (between 5 and 6).  The mixture 
was desalted via a Sephadex G-10 (Sigma) column. The B12 solution collected from 
the G-10 column was evaporated to approxirnately 1 mL under reduced pressure. 
-4cetone (45 mL) was added to the evaporated solution and refrigerated overnight. 
The fine, needle-like crystals of 15N-labeled vit amin B12 were recovered by filtering 
under reduced pressure and washing with cold acetone. The final mass of product 
recovered was 157.5 mg (91% yield). Using the same procedure, 121.2 mg (1.85 
mrnol) of 13CL5N-labeled potassium cyanide was added to 200.5 mg (0.145 mmol) 
of vitamin Biza to produce 184 mg of 13CL5N-labeled cyanocobalamin (91% yield). 
Methyl-13C-cobalamin was prepared by modification of a known synthesis.[90] 
The synthesis of methylcobalarnins must be done exclusively under red light or the 
cobalt-carbon bond will cleave. Vitamin BI2 (250 mg) was dissolved with stirring in 
degassed water (20 mL) in a stoppered 125 mL flask while bubbling argon through 
it. A solution of sodium borohydride (120 mg in 1.5 mL degassed water) was added 
via syringe. This soiution was stirred for 15 minutes during which time it changed 
colour from red (cobalt(II1)) to brown (cobalt(I1)) and finally to a blue/green colour 
(cobalt(1)). A degassed solution (2 mL water) of FeS04(NH4)2S04-6H20 (35 mg) 
and FeC13 (175 mg) was added dropwise via syringe over 15 minutes to react and 
complex with the boron-containing materials. This solution was then left to stir for 
an additional 15 minutes to allow for the reaction to complete. !~leth~l-'~C-iodide 
(Ig vial) was dissolved in degassed methanol(1 mL) and then added to the solution 
causing the solution to turn red again. To remove the iron salts, the solution was 
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centrifuged, decanted, centrifuged again, then decanted again and finally filtered 
through a fine frit. This solution was evaporated under reduced pressure to ap- 
proximately a 1 mL volume. Acetone was added to this solution until it started 
to show slight turbidity after tvhich it was stored at 4OC to crystallize. The crys- 
tals were collected yielding 220 mg (87%) of methyl-13C-cobalamin. The product 
was characterized by electrospray ionization mass spectrometry (Mircomass Qua- 
tro II), showing a molecular ion at m/z = 1345 D a  as compared to the unlabelled 
methylcobalamin at  1344 Da. 
4.3.2 Solid-State NMR Experirnents 
Solid-state 15N NMR spectra were acquired at 50.68 MHz on a Bruker AMX-500 
NMR spectrometer (Bo = 11.75 T). The samples were packed in 4 mm zirconium 
oxide 0.d. rotors. Cross polarization (CP) under the Hartmann-Hahn matching 
condition was used to increase the sensitivity of the spectra with a CP contact time 
of 5 ms. A proton 90' pulse of 4 ,us was used. High-power proton decoupling was 
used during the acquisition of the spectra. A recycle delay time of 10 s was used. 
The chemical shifts were referenced to 15NH4N03 at -358.45 ppm.[gl] 
Solid-state 13C NMR spectra were acquired at 125.7 MHz on a Brulcer AMX-500 
NMR spectrorneter (Bo = 11.75 T) and at 50.3 MHz on a Bruker-200 ASX NMR 
spectrometer (Bo = 4.7 T) . The samples were packed in 4 mm zirconium oxide 0.d. 
rotors (at both field strengths). Cross polarization (CP) under the Hartmann-Hahn 
matching condition was used to increase the sensitivity of the spectra with a CP 
contact time of 7 ms. A proton 90° pulse of 4 ps was used at 11.75 T and 6 ps at 4.7 
T. High-power proton decoupling was used during the acquisition of the spectra. 
A recycle delay time of 10 s was used. The carbon chemical shifts were referenced 
to TMS using by setting the lower chemical shift peak of adamantane to 29.5 ppm. 
4.3.3 Simulations and Calculat ions 
Simulation of the MAS powder lineshapes with performed on a personal computer 
using the program WSOLIDS from Dr. Rod Wasylishen's lab.[92] This software 
uses the POWDER routine[93] for simulation of static spectra and the Herzfeld- 
Berger method[42] for MAS spectra. 
Calculations of the 15N chemical shift tensor of acetonitrile were carried out 
on a Silicon Graphics Indigo2 workstation using the GIA0  method available in 
Gaussian94[94] using RHF/6-32 1+G(2d,p). The geometries were fully optimized 
with the same program using B3LYP/6-31G(d) except for the CCN angle which 
was incremented between 180" and 160" in 3" increments. 
4.4 Results 
4.4.1 Nitrogen-15 NMR 
The 15N CPMAS and CP static NMR spectra of ~ ~ a n o - ~ ~ N - c o b a l a r n i n  as well as 
the simulations of these spectra are seen in Figure 4.1 (lower spectra experimental, 
upper spectra simulations). The tensor was found to be axially symmetric with an 
isotropic shift of -85.8 ppm and a span (O) of 524.5 ppm. A summarp of the 15N 
NMR results is seen in Table 4.1. 
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Figure 4.1: Solid-state l5 NMR data for cyane15 N-cobalamin. Lower spectra are 
experimental, upper are simulations using a bL of 89 ppm and 611 of -435.5 ppm. 
The MAS spectrum has a spinning rate of 4 kHz. 
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Table 4.1: Solid-state 15N NMR results of vitamin Bi2 experiments. 
The "W CP static spectrum of ~ ~ a n o - ~ ~ N ~ ~ C - c o b a l a m i n  is given in Figure 4.2 
(lower experimental, upper simulation). The spectrum is very similar to that of 
the 15N labelled analogue except for splitting on both ends of the spectrum. The 
splittings are due to the dipolar interaction between 15N and L3C. The splitting 
on the high field end of the spectrum is RCN (where Rc,v is the dipolar coupling 
constant between 13C and 15N defined in equation 2.28) and at the low field end 
is 2RcN. From the splittings, RcN was found to be 1800 k 75 Hz. The dipolar 
coupling constant directly reveals the distance between the two nuclei by using 
equation 2.28. Solving for rcN, a bond distance of 1 . l9  f 0.02 a is obtained which 
is in close agreement to the 1.15 A distance found in the crystal structure at  88 
K. [95] 
We have used acetonitrile as a mode1 to study the cyano nitrogen of vitamin Bi2 
because the solid-state NMR results reveal spans that are similar to acetonitrile. 
Table 4.2 shows the results of an ab initio study of acetonitrile. Theoretically, the 
15N CS tensor of ~ ~ a n o - ~ ~ N ~ c o b a l a r n i n  does not have to be axially symmetric unless 
the CoCN bond angle is lSOO. The reported CoCN angle in the crystal structure 
is 179". As seen in Table 4.2, it would not be possible to tell if the experimental 
spectrum was non-axially symmetric until a CoCN bond angle of at  Ieast 176' and 
experimentally not really until 173" due to the resolution in the experiment. 
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Figure 4.2: Solid-state 15N NMR spectrum (lower) and simulation (upper) of cyano- 
'3C1"-cobalamin. RcN was found to be 1800 k 75 Hz. 
Table 4.2: Surnmary of 15N NMR calculations on acetonitrile. 
4.4.2 Carbon-13 NMR 
Figure 4.3 contains the 13C CPMAS NMR spectra of cyan~-'~C'~N-cobalamin at 4.7 
T and 11.75 T. The spectra shown are those of the cyanide carbon region alone and 
are a summation of the spinning side bands as to get the best intensity distribution 
of the centre band since the span of the chemical shift tensor was extremely large, 
approximately 350 ppm, thus it was not possible to spin fast enough to get al1 of the 
intensity into the centre band. The spectrum at  11.73 T is a difference spectrum 
between labelled and unlabelled vitamin B12. Thus, only a spectrum of the cyano 
carbon is observed. The spectrum at 4.7 T, however, has signals that overlap with 
the centre band. Therefore, a difference spectrum left large distortions and was not 
performed. The best fit simulations of the experimental spectra are given slightly 
offset above the experimental spectra. The simulations were made simpler since 
a, /?, X, and 7 were known from the single-crystal "Co NMR results presented in 
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Figure 4.3: Solid-state 13C NMR spectra of cyan~-'~C~~N-cobalarnin at 4.7 T (up- 
per) and 11.75 T (lower). Simulations using a Ji,, = 123.5 ppm, Rej = 600 Hz, 
Jcoc = 165 Hz, a = 1 8 O ,  ,û = 165O, x = 27.31 MHz, and r)  = 0.243 are offset slightly 
above experirnental spectra. 
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chapter 3. Thus only 3 parameters needed to be optimized: cfbo, ReIj, and Jeoc. 
From the fits the one bond Co-C Ji,, was determined to be 165 & 10 Hz, the 
effective dipolar coupling is 600 f 100 Hz, and ifiso is 123.5 ppm. 
The 13C NMR spectrum of methyl-13C-cobalamin was more cornplicated than 
that of the cyanocobalamin. Figure 4.4 shows the full 1 3 C  spectrum (labelled a)  
as well as the labelled methyl group (labelled b) of methyl-'3C-cobalarnin. Only 
experimental spectra are shown for this complex since it  \vas not possible to obtain 
good fits of the data. From the width of the centre band, an estimate of the Co-C 
Ji,, of 100 & 15 Hz can be given. 
4.5 Discussion 
With regards to the nitrogen chemical shift tensors, the span of the 15N CS tensor 
of ~~ano-'~N-cobalamin s approxirnately 125 pprn larger than other nitriles on 
aromatic rings.[79] In fact, JL is deshielded about 65 - 75 pprn more than aromatic 
nitriles and is shielded by approximately 45 - 55 ppm. This larger span could 
possibly be due to lack of conjugation of the cyano group in vitamin B12 as compared 
to aromatic nitriles. 
Acetonitrile, however, has a span which is only about 35 ppm less than that of 
cyano-l5 N-cobalamin. Like vitamin B 12, the cyano group is "isolated" in acetoni- 
trile and therefore a similar span of the CS tensors of the two compounds is not 
surprising. However, the whole acetonitrile CS tensor is shielded compared to that 
of ~~ano-~~N-coba la rn in  (6L is shielded by 83 ppm and 4, is shielded by 46 pprn). 
This would be due to lower excitation energies in a cyano group bonded to a rnetal 
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Figure 4.4: Solid-state 13C NMR spectra of methyl-13C-cobalarnin at 11.75 T. a) 
Full spectrum of methyl-13C-cobalamin and b) expansion of the labelled carbon 
region. 
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us. bonded to an organic moiety. To compare the calculated shielding tensor of ace- 
tonitrile with the experimental 15N shift tensor of cyanocobalamin, equation 2.18 
can be used to convert 15N shifts to shielding. The oref for 'N is -135.4 ppm.[96] 
Using the results of the calculations for 17S0, 6, is found to be  8.5 ppm and clil 
is -441.1 pprn. These values are only slightly more shielded (4 - 6 ppm) than the 
experimental tensors of the cyano group cyano-15N-cobalarnin as compared to them 
being great ly deshielded compared to the experimental acetoni t rile tensor. 
The 'il chemical shift tensor of ~yano-~~X-cobalarnin is found to be similar to 
those of other cyanometallates. The &,'s of Ii3Cu(CN)4 (-97.9 pprn and -91.5 pprn 
for the two sites) and K2Hg(CN), (-89.1 ppm) are only slightly deshielded to that 
of -85.8 pprn in vitamin Bl2. The span of the 15N chemical shift tensor of vitamin 
BI2 W ~ S  found to only be slightly larger (524.5 ppm) than those of the copper (498 
ppm) and mercury (477 pprn) complexes. Thus the 15N chemical shift tenscrs of 
cyanides bound to metal ore al1 very similar and have spans that are approximately 
100 pprn larger that those of organic nitriles. 
The carbon shielding in cyano-13C-cobalamin can be compared to other cyanide- 
containing compounds. The solution dis, of 121.4 ppm[82] is very similar to that of 
133.5 pprn found in the solid-state. This solid-state shift is more shielded than those 
found in cyanometallates.[t31, 85,86,87] In fact, the 13C chemical shift of the cyano 
group of vitamin B12 is more similar to that of nitriles[84] than of cyanometallates. 
The cobalt-carbon one-bond J-coupling of 165 f 10 Hz is found to be significantly 
larger than the ' J(Co,C) of 126 Hz in K3Co(CN)s[97] found in solution. An effective 
dipolar coupling constant of 600 Hz was determine for the Co-C bond which would 
correspond to a bond length of 2.28 A. This is significantly larger than that found 
in the X-ray structure (1.86 A). This leads us to believe that the J-coupling is 
anisotropic in this cornplex. Using the bond length of 1.86 -4: a AJ of 1500 I 3 0 0  
Hz is determined. This is a very large AJ and thus further investigation into this 
cornplex is warranted. 
Unlike the 13C Jiso of ~ ~ a n o - ~ ~ C - c o b a l a m i n ,  which is very similar to organic 
cyanide shifts? the carbon chemical shift of met hyl-13C-cobalarnin is shielded com- 
pared to organic methyl groups. [S4] The 13C JiSo of met hyl- L3C-cobalamin, however: 
is very similar to that of other methyl-metal carbons such as Hg(CH3)2 at  O pprn. 
A solution Co-C J-coupling of rnethyl-13C-cobalamin has been previously estimated 
from relaxation measurements to be 105 Hz[9S] which is similar to our estimate of 
100 31 15 Hz. 
As seen in Figure 4.4a, even with selective labelling in cobalamins, there is 
significant background from the naturally occurring carbons 1 1 % )  Therefore 
techniques other than selective labelling must be used to study carbon nuclei in 
cobalamins. In cases where there is a spin-pair (such as a 15N next to a 13C or 
two 13C7s) multipulse techniques could be used for selective editing, (e-g., double 
CP[99], TEDOR[100], rotational resonance[lOl], RFDR[lOP], etc.), thus resolution 
that is not available in conventional CPMAS spectra might be obtained. 
4.6 Conclusions 
The 15N chemical shift tensor of cyano nitrogen of vitamin Bi* has been determined 
to be axially symmetric with a S;, of -85.8 ppm and a R of 524.5 ppm. The RcN 
of ~yano-~~N~~C-cobalarnin  was found to give a L3C15N distance in close agreement 
to that of the crystal structure. Acetonitrile has been found to be a good mode1 to 
aid in the understanding of the cyano moiety of vitamin Bi2. The 6;,, of the cyano 
carbon of vitamin BL2 is 123.5 ppm and the carbon-cobalt Jiso was found to be 163 
f 10 Hz. Using the orientation data frorn the single cr-stal ''Co NMR (chapter 3) 
and the cobalt-carbon bond length from the crystal structure, an effective dipolar 
coupling constant of 600 f 100 Hz was determined for this cornplex. Using this 
dipolar coupling constant, AJ is determined to be 1500 f 300 Hz. This is an 
extremely large AJ and thus furt her investigations of t his cornplex are needed. 
The carbon spectrum of methyl-'3C-cobalamin was not able to be simulated but 
the Co-C Ji,, was estimated to be 100 k 15 Hz. 
Chapter 5 
Base Conformation Study via 
Solid-State NMR 
5.1 Introduction 
When a co-enzyme form of vitamin Blz binds to an apoenzyme, the holoenzyme is 
formed. When the first crystal structure of a cobalamin bound to an apoenzyme 
was published, [2 1] a debate concerning the conformat ion around the cobalt centre 
in the holoenzyme began; is the B12 cofactor in a base-on or base-off conformation? 
Base-on or base-off refers to the dimethylbenzimidazole "tail" of the cobaiamin 
being attached to the cobalt or free from the cobalt. Figure 5.1 gives a schematic 
of base-on vs. base-off using chemical means. It may be possible to study this 
phenomenon using NMR by directly observing the powder lineshape at the cobalt 
centre or by studying a nucleus that is unique and present in the tail (in this case 
the phosphorus nucleus). There is a wealth of literature detailing solution studies of 
Figure 5.1: A base-on cobalamin converting to  a base-off cobalarnin via reaction 
with KCN. 
nuclei around the cobalt centre, yet few reports concerning the cobalt centre itself. 
In chapter 3, the power of single-crystal 5 9 C ~  NMR was demonstrated with 
a study of vitamin Bis Single-crystal NMR studies, however, are time consum- 
ing and only possible when crystals of sufficient size are available. The chemical 
shift and quadrupolar interactions can be deterrnined also using powder NMR tech- 
niques. Similar to the low number of single-crystal "Co NMR studies, powder jgCo 
NMR studies are quite rare in the literature. This is due particularly to the lack of 
knowledge concerning the simulation of powder lineshapes of half-integer quadrupo- 
lar nuclei (1= n/Z where n = 3, 5: 7, or 9) when the chemical shift and quadrupolar 
tensors are both non-axially symmetric and non-coincident. In 1990, two groups 
separately published the analytical procedure for powder lineshapes under these 
conditions[63, 1031 allowing for quadrupolar nuclei to be studied and analyzed suc- 
cessfully in the solid state without restrictions based on site symmetries. 
The first reported powder NMR study of "Co complexes appeared in 19Si,[104] 
a full three years before the lineshapes could be properly simulated. In this study, 
spectra of six simple cobalt complexes ât 11.75 T were given. The eight parameters 
that were needed to describe the powder lineshapes were not reported but the 
chemical shift anisotropies of t hree complexes wi t h high symmetry were estimated 
(no chemical shift or quadrupolar tensor tensor information was given on the other 
t hree complexes). 
The first reported 59Co powder NMR spectra with al1 eight parameters used to 
fit the spectra was publislied in 1993. [105] In this paper, spectra of two simple cobalt 
complexes (Na3 [ C O ( N O ~ ) ~ ]  and t ~ a n s - [ C o ( N O ~ ) ~ e n ~ ]  N O 9  were simulated at 9.5 T 
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and 7.1 T. The fits of the symmetric cobalt complex were straightforward due to 
symrnetry constraints. The fits of the trans complex, however, were more difficult 
to obtain because the quadrupolar and chernical shift tensors are not dictated by 
symmetry to be coincident (and in fact they are not). This cornplex had been 
studied previously via single-crystal "Co NMR[16] and, in the powder NMR study: 
the tensors were assumed to be coincident due to high symmetry. This assumption 
was close (the Euler angle ,O \vas only 3.5*), but poor fits of the powder spectra 
were obtained if the tensors were assumed to be coincident indicating that, unless 
crystal symmetry dictates that the tensors are coincident, this assumption should 
not be made. 
Recently we have acquired a series of "Co NMR static spectra at 11.75 T and 
4.7 T[59] for ten simple cobalt complexes with four different arrangements of ligands 
(Co&, CoX5Y, cis-CoX4Y2, and trans-CoX4Yz). From our results, we were able 
to assign specific ligand planes (N and O ligands) that give rise to specific chemical 
ranges of chemical shifts. These results show the need to perform more ab initio 
calculations on cobalt chemical shielding so the origin of cobalt chemical shifts can 
be determined and accurately predicted. 
The most recent "Co static NMR spectra of simple cobalt complexes was ob- 
tained for a series of polyammonium salts of cobalt cyanide.[l06] The results of 
multi-field "Co NMR experirnents of six polyammonium salts as well as the potas- 
sium salt of CO(CN);- were presented. The eight parameters needed to fully de- 
scribe the lineshape of each of the seven complexes was given. This study also 
included DFT results showing how modern caIculations are now possible on rnet- 
als with d-electrons and will hopefully lead the way to better predictions of jgCo 
chemical shifts. 
In the area of organometallic chemistry, solid-state 59Co NMR spectra of four 
cobalt clusters have been described completely via experiments at two magnetic 
field strengths (7.1 T and 4.7 T). [ l o i ]  A second paper by t his same group has been 
published on another cobalt cluster complex, but the chemical shift and quadrupo- 
lar interactions were not determined due to multiple sites in the unit ce11 making 
simulation impossible. [IOSI 
Cobalt-59 NMR has also been utilized in the area of materials chemistry.[109] 
In LiCo03, a material in lithium ion batteries, the cobalt sites are assumed to 
be Co06 octahedral and therefore should exhibit narrow lines in a 59Co XMR 
spectrum. Three "distinct" lines were described which were assigned to two types 
of diamagnetic cobalt and one type of paramagnetic cobalt. However, the 59Co 
MAS spectrum of the complex only exhibits one isotropic peak and there does not 
appear to be any shape in the spinning side bands indicative of multiple sites. 
In the area of biologically significant 59Co NMR studies, the group headed by 
Frydman has published four excellent ~ a ~ e r s . [ 2 4 ,  57, 62, 1101 The first was a study 
of cobalt (III) porphyrins.[62] These types of complexes are ta be used as a mode1 for 
the isoelectronic iron(E1) complexes (as well as being structurally similar) that are 
known as hemes. S tatic and MAS studies were performed on eight cobaltporphryin 
complexes at multiple fields to obtain spectra which could be simulated with high 
levels of precision. This group was also the first to report static 5gCo NMR results 
on cobalamins.[24] The parameters needed to simulate the lineshape of vitamin 
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B l z 7  methylcobalamin, co-enzyme Bi2, dicyanocobyrinic acid hep tamethylester (a 
precursor in the synthesis of Blz) ,  as well as six cobaloximes (vitamin B12 mode1 
compounds) were described. As discussed in chapter 3; the static values from this 
study on vitamin B l z  agree well with t hose of our single-crystal "Co NMR study 
showing the power of static NMR experiments. Last year Frydman and CO-workers 
published a study on cobaltophthalocyanines.[l10] The cobalt is surrounded by six 
nitrogen ligands (four in the macrocycle plane, and two other ligands at the top and 
bottom to complete the octahedron. The quadrupolar coupling constants in these 
complexes are fairly large (up to 45 MHz). When spectra have large spectral widths. 
it has been found that acquiring multiple spectra at different offsets and adding the 
spectra together yields a better intensity distribution of the powder pattern with 
respect to the simulated spectra.[llO] .4 59Co NMR study on vitamin BI? with 
different solvation states was described[57] as a follow-up paper to the vitamin B12 
static ''Co ~ a ~ e r .  [24] In the first paper, it was noted that the quadrupolar tensors of 
the "as purchased" complexes were quite different from the complexes recrystallized 
from water. In the most recent study, spectra (59Co, 13C7 15N and 31P) from seven 
different cryst allizat ions were st udied showing two different polymorphs originally 
described in ~ o d ~ k i n ' s  crystallographic studies.[ô, 7, 8, 9, 10, 111 
Phosphorus-31 solution NMR has been used to study biological systems since the 
early 1970s[lll, 1121 because 31P NMR is very sensitive (100% natural abundance, 
high y, etc.). In the early studies, the interest was usually the O-P-O bond angles 
and how they affected the 31P chemical shifts. Starting in the early 1980s; Brown 
and CO-workers reported a series of solution 31P NMR studies of base-on and base- 
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off cobalamins.[82, 113, 114, 1151. The group's work reported shifts, J-coupling 
to nearby protons, and pH effects on a variety of cobaiamins. These investigators 
have also reported the 31P NMR spectra of aquocobalamin bound to haptocorrin (a  
protein). [Il ô] More recent ly, 3L P chemical shifts have been correlated t O the distance 
between the cobalt centre and the base in base-on forms of cobalamin.[ll7] 
Similarly, solid-state 31P NMR studies of biological systems have been performed 
since the mid 1970s in the study of lipids[llS, 1191 and nucleic acids[l20] using 
both powder and single-crystal NMR techniques. More recently, Brown et ni. have 
published the powder 3LP NMR spectrum of aquocobalarnin.[l21] The aim of this 
study was to estimate the 3'P chemical shift anisotropy to aid in the understanding 
of the relaxation behavior of the aquocobalamin-haptocorrin cornplex. Ln doing 
so, the 31P chemical shift tensor of aquocobalamin was determined to have the 
following principal components: Jil = 79.4 pprn, 622 = 26.4 ppm, and 633 = -106.1 
ppm (these correspond to a span of 185.5 ppm and a skew of 0.42). With this first 
cobalamin 3LP chernical shift tensor now determined, it would be interesting to see 
if other cobalamins have similar 3LP chemicai shift tensors and if they are the same 
in base-on and base-off conformations. 
In this chapter, the ''Co NMR spectra of the base-off forms of Blz and MeBlz 
wili be presented and compared to the base-on forms. Phosphorus-31 NMR spectra 
of both base-on and base-off forms of BL2 and MeBi2 will also be presented. Ail 
of these results will then be discussed with respect to their relevance in cobalamin 
biochemistry 
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5.2 Theory 
The theory required to simulate quadrupolar lineshapes is given in section 2.1.6. 
Particularly relevant is equation 2.39, the lineshape equation used to simulate the 
59Co NMR spectra. From these simulations7 eight pararneters(bll. 622, b33, X,  7,  0, 
0, and y) were determined for the base-off cobalamins. These parameters fully de- 
scribe the chemical shift and quadrupolar tensors as well as the relative orientation 
of the tensors with respect to each other. 
With regard to the lineshape theory for 31P NMR, section '2.1.3 includes a 
description of chemical shielding and equation 2.14 is the lineshape equation for a 
static spectrum that only contains anisotropy in the chemical shift. The chemical 
shift tensors can be described using the three principal components of the tensor, 
but, in general, discussions pertaining to 31P NMR results will be in terms of the 
isotropic chemical shift (6i,,), the span (O), and the skew ( r l )  of the chemical shift 
tensor. Since CPMAS spectra of 31P were acquired, 6;,, was obtained directly from 
these spectra and only two parameters (0 and 6) were simulated for the 31P spectra. 
5.3 Experimental 
5.3.1 Synthesis of Base-Off Cobalamins 
Base-off forms of cobalamins were synthesized by adding a dry cobalamin and KCN 
to a small vessel, adding a minimal amount of water, and letting the solution sit in 
the dark for 7 days, or, in the case of the base-off form of vitamin B12 left to reflux 
for 24 hours. To determine the conversion of the base-on form of a cobalamin to a 
base-off form, UV-visi ble spect roscopy \vas used. 
To synthesize the base-off form of vitamin BI2 (to be referred to as B12B0 from 
now on), 100 mg of vitamin B12 (0.075 mM) and 9.8 mg KCN (0.15 mM) were 
placed in a 5 mL viai. In red light, 1 mL of distilled H20 was added. The via1 
was capped, and the solution was stored in the dark for i days. The solution kvas 
then reduced to dryness via rotavap under red light yielding 106 mg of Bi2B0 
(96.5 %). UV-visible spectra were recorded on a Varian CARY 1 Bio UV-visible 
spectrophotometer to monitor the  conversion of B i2 to BlzBO using concentrations 
of approximately 2.5 x 10-' M. The UV-visible spectra of this conversion are seen 
in Figure 5.2. 
In a similar fashion, to synthesize the base-off form of methylcobalarnin (to be 
referred to as MeBI2BO from now on), 100 mg of methylcobalamin (0.074 mM) 
and 9.6 mg of I<CN (0.148 mM) were used to produce 105 mg of MeBi2B0 (95.8 
%). Figure 5 . 3  shows the UV-visible spectra of MeBi2 and MeB 12B0. 
As will be seen shortly in section 5.4, the UV-visible results are deceptive. 
Therefore, different amounts of KCN were added to both of the cobalamins and in 
the case of the synthesis of B12BOi refluxing was also used. 
5.3.2 Solid-State NMR Experiments 
Solid-state "Co static NMR experiments were performed at 11.75 T on a Bruker 
AMX-500 NMR spectrometer and at  4.7 T on a Bruker ASX-200 NMR spectrometer 
using a solenoid (wideline) probe. Solid samples were crushed with a mortar and 
pestle and packed into 5 mm NMR tubes cut to a length of 23 - 28 mm. The spectra 
CHAPTER 5. BASE CONFORMATION STUDY VIA SOLID-ST4TE ArMR 92 
Wavelength (nm) 
Figure 5.2: UV-visible spectra of B12 (solid line) and B12B0 (dashed line). 
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Figure 5.3: UV-visible spectra of MeBlz (solid line) and MeBlzBO (dashed line). 
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were acquired using a spin-echo pulse sequence[lZ] optimized for excitation of the 
central transition. Cobalt-59 NMR spectra were referenced to 1 .O M lI<3C~(CN)6 
(aq) at O ppm. A solid-echo pulse sequence was used to remove dead time problems. 
A pulse length of 1 ps was used for both pulses (the 90" pulse was 4 p s )  mith a 
delay between pulses of 7 - 10 p. -4 recycle time of 50 ms was used between scans. 
Solid-state 3LP NMR spectra were acquired at  202.4 MHz on a Bruker AivlX- 
500 NMR spectrometer (Bo = 11.75 T). The sampies were pacliecl in 4 mm O-d. 
zirconium oxide rotors. Cross polarization under the Hartmann-Hahn matching 
condition was used with a typical proton 90' pulse of 7.6 ps and a contact time of 
3 ms. High-power proton decoupling was used during the acquisition of a11 spectra 
with a 10 s delay between scans. The phosphorus chemical shifts were referenced 
to 85% H3PO4 (aq) by setting the shift of NH4H2P04 to f0.81 ppm- 
5.3.3 Simulation of NMR Lineshapes 
Simulation of the MAS powder lineshapes were performed on a persona1 com- 
puter using the program WSOLIDS from Prof. R. Wasylishen and CO-workers.[92] 
This software uses the PO WDER routine[93] for simulation static spectra and the 
Herzfeld-Berger method[43] for MAS spectra, and there are additions for quadrupo- 
lar nuclei.[63] For the  "Co NMR spectral simulations, the three principal compo- 
nents of the chemical shift tensor (Jll,  6227 and 633). the quadrupolar coupling 
constant ( x ) ,  asymrnetry of the quadrupolar tensor ( g ) ,  and the Euler angles re- 
lating the two tensors (a, ,û7 and y)  were optimized to n~aximize the agreement 
between the experimental and calcdated fineshapes of the central transition. The 
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3LP isotropie chemical shifts used in the "P NMR spectral simulations were ob- 
tained directlp from the CPMAS spectra and the span ( R )  and the skew ( K )  were 
optimized to fit both CPMAS and CP static spectra. 
5.4 Results 
5.4.1 Phosphorus-31 NMR Results 
P hosphorus-3 1 NMR spect ra were acquired wit h and wi t hout sarnple spinning, 
Le., CPMAS and CP static, respectively- The base-on complexes both only have 
one site but two sites are immediately observed in the MAS spectra of the base-off 
complexes. We have at tributed t his to a mixture of base-on and base-off cobalamins 
since one of these two sites matches the pure base-on 31P NMR spectra. Using 
this assignment, the spectra seen in Figures 5.4 - 5.7 were simulated using the 
parameters in Table 5.1 with varying the arnount of the two sites in the base-off 
spectra. The CPMAS spectra in Figures 5.5 - 5.7 a11 have significantly broader lines 
than the lines of the CPMAS spectrum in Figure 5.4 which are narrow except near 
the base of the peaks. The broad lines are due to low crystallinity of the samples 
compared to the vitamin BI2 in Figure 5.4 where the sample is more crystalline. 
The broadening in Figure 5.4 is possibly due to shimrning or part of the sample 
being less crystalline compared to the majority of the sample. 
From the simulations of the base-on cobalamins, it is immediately evident that 
the 31P chemical shift tensors are essentially identical since the spans and skews 
are the same within experimental error. The only difference is a slightly higher 
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Figure 5.4: Solid state 31P NMR spectra of Biz at 11.75 T. Upper spectra are 
spinning (CPMAS) at 4 kHz, lower spectra are CP static. The simulated spectra 
are slightly offset above the experimental spectra using the parameters in Table 
5.1. 
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Figure 5.5: Solid state 31P NMR spectra of B12B0 (8 KCN per Biz)  at 11.75 
T. Upper spectra are spinning (CPMAS) at 4 kHz, lower spectra are CP static. 
The simulated spectra are slightly offset above the experimental spectra using the 
parameters in Table 5.1. 
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Figure 5.6: Solid state 31P NMR spectra of MeBiz a t  11.75 S. Upper spectra are 
spinning (CPMAS) at 4 kHz, lower spectra are CP static. The simulated spectra 
are slightly offset above the experimental spectra using the  parameters in Sable 
5.1. 
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Figure 5.7: Solid state 31P NMR spectra of MeBlzBO (4 KCN per MeBI2) a t  11.75 
T. Upper spectra are spinning (CPMAS) a t  4 kHz, lower spectra are CP static. 
The simulated spectra are slightly offset above the experimental spectra using the 
parameters in Table 5.1. 
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Table 5.1: Solid-state 31P NMR results of base-on and base-off cobalamins (errors 
are given in parentheses). 
B 12 B12BO MeB12 MeB 
-2.25 (0.10) pprn 4.86 (0.10) pprn -0.44 (0.10) ppm 4.42 (0.10) pprn 
R 185 (2) pprn 110 (5)  ppm 183 (2) ppm 10.5 (3) pprn 
K 0.37 (0.02) -0.75 (0.05) 0.34 (0.02) -0.72 (0.03) 
61 1 79 (1) PPm 74 (3) PPm 81 (1) PPm 70 (3)  PPm 
622 21 (1) FPm -23 (2) ppm 20 (1) PPm -11 (1) ppm 
%3 -106 (1) ppm -36 (3) ppm -102 (1) ppm -35 (1) ppm 
isotropic chemical shift of MeBlz with respect to BL2. Simulated spectra were 
performed using both the POWDER routine[93] for the static spectra and the 
Herzfeld-Berger method[42] for the MAS spectp  using the same parameters for 
both spinning and static except for taking the spinning rate into account in the 
CPMAS spectra. 
The base-off spectra were more compiicated in that they contain two sites. The 
isotropic shift of one of the sites, as well as its spinning side band pattern, is the 
same as for the base-on complexes. We have assignecl the second site in both spectra 
to be the base-off form. Approximately 35% of the spectra in Figure 5.5 and 57% 
of the spectra in Figure 5.7 show the cobalamin to be in the base-off conformation. 
The parameters used to fit the base-off portion of the spectra of both complexes are 
the same wit hin experimental error and significantly different t han the parameters 
used in fitting the base-on form. The fits in Figures 5.5 and 5.7 are a summation 
of base-on and base-off components. 
As described in section 5.3.1, 2:l molar equivalents of KCN with respect to 
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cobalamin gave UV-visible spectra that were indicative of base-off cobalamins for 
both the cyano and methyl forms. The spectra in Figures 5.5 and 5.7 indicate 
otherwise. Therefore a titration study was completed for the two complexes, the 
results of which are seen in Figures 5.8 (for B12 + KCN) and 5.9 (for MeBi2 + 
KCN). 4 s  seen in Figure 5.8, BI2 converted completely to the base-off form after 
the complex had been refluxed for 24 hours with S molar equivalents of KCN while 
MeB i2  did not require such harsh conditions. Once these complexes were completely 
converted to the base-off forms, it was possible to obtain the 31P NMR spectra seen 
in Figures 5.10 (Bi2BO) and 5.11 (MeBi2BO). 
With sample purity now, established it is possible to compare the base-off forms 
of the cobalamins. These two complexes have very sirnilar chemical shift tensors. 
With almost identical Ji,, and K ,  it is not surprising tha t  the spans of the tensors 
only differ by approximately 10%. A comparison of the bâse-on and base-off forms, 
however, yields interesting results. The Jll components of both base-on (80 f 1 
ppm) and base-off (72 & 3 ppm) foms are quite close while the other two corn- 
ponents of the tensor are significantly different with the 622 component decreasing 
in chemical shift (20 & 1 ppm in base-on to -22 & 1 ppm in base-off) and the 
component increasing in chemical shift (-104 & 2 pprn in base-on and -35 1 pprn 
in base-off). These changes have a huge effect on the skew of the tensor of the 
base-off form such that i t  is negative while the skew of the base-on forrn is positive. 
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Figure 5.8: Solid state 3LP MAS NMR spectra (at 11.75 T) of a) B12 b) BL2 + 2 
KCN, c) BI2 + 8 KCN, and d) BIS + 8 KCN after 24 h o u  reflux. 
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Figure 5.9: Solid state 31P MAS NMR spectra (at 11.75 T) of a) MeBi2 b) MeBlz 
+ 2 KCN, c )  Me& + 4 KCN, and d) Me& + S KCN. 
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Figure 5.10: Solid state 31P NMR spectra of B12B0 a t  11.75 T. Upper spectra are 
spinning (CPMAS) at 4 kHz, lower spectra are CP static. The simulated spectra 
are slightly offset above the experimental spectra using the parameters in Table 
5.1. 
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Figure 5-11: Solid state 31P NMR spectra of MeBlzBO at 11-75 T. Upper spectra 
are spinning (CPMAS) at 4 kHz, lower spectra are CP static. The simulated spectra 
are slightly offset above the experimental spectra using the parameters in Table 5.1. 
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5.4.2 Cobalt-59 Powder Results 
The solid-state 59Co NMR spectra of Bi* and Bi2B0 as well as the simulated spectra 
a t  4.7 T and 11.75 T are seen in Figures 5-13 and 5.13. The parameters used for the 
simulations are given in Tzible 5.2.  Table 5.7 also contains the parameters for the 
base-on complexes from the single crystal 59Co NklR study described in the Chapter 
3 as well as powder NMR data in the literature for MeBi2 and dicyanocobyrinic 
acid heptamethylester.[24] 
As described in section 5.1, there is very little data concerning jgCo chemical 
shift and quadrupolar tensors in the literature. The results presented in Table 
5 -3 are the first solid-state 5"Co Nh4R results available for base-off cobalamins. 
The only other complex in the literature similar to BI? is that of dicyanocobyrinic 
acid[X] (also seen in Table 5.2). 
It is interest ing to note the similarities and differences between the base-on and 
base-off forms. Looking at the vitamin Bi2 base-on and base-off conformations, we 
note a large change in the strength of the quadrupolar tensor (a  decrease of 9 MHz 
from base-on to base-off), but the asymmetry of this tensor stays approximately 
the same. The spans of the chemical shift tensor of these two complexes are close 
to the same (within 15% of each other) but they have opposite skew (ri(BL2) = 
0.1 while nr(B12BO) = -0.06). Even though the direction of ri is opposite, they are 
both close to O and therefore not that difFerent (both are close to totally non-axially 
symmetric chemical shift tensors). The orientations of the two tensors, however, 
are very different. From the B12 results, we know that the largest component of 
the quadrupolar tensor is approximately perpendicular to the corrin ring. Using 
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Figure 5.12: Solid state "Co NMR spectra of BlzBO at 4.7 T (upper spectra) 
and 11.75 T (iower spectra). The simulated spectra are slightly offset above the 
experimental spectra. 
Figure 5.13: Solid state "Co NMR spectra of MeBlzBO at 4.7 T (upper spectra) 
and 11-75 T (Iower spectra). The simulated spectra are slightly offset above the 
experimental spectra. 
basic symmetry arguments we would suggest that the largest component of the 
quadrupolar tensor of the base-off form of vitamin Bu is also directed perpendicular 
to the corrin ring. This being assumed, the least shielded component of the chernical 
shift tensor would likely be in the corrin ring plane since P = 90°, which is very 
different from that of the base-on conformation (see Figure 3.6). Upon examination 
of the 59Co NMR spectra of the base-on and base-ofF forms of methylcobalamin, very 
different observations are made as compared to the cyano form. The quadrupolar 
interaction of the base-off form is significantly larger (by 5 MHz) than the base- 
on form and the syrnmetries of the tensors are significantly different; in fact, the 
quadrupolar tensor of the base-off form is totally non-symmetric ( i - e . ,  eq33 = -eqii 
and eqzz=O). The span of the chernical shift tensor of the base-on complex is more 
than twice as large as the base-off conformation and the tensors have opposite 
skews (-0.18 for the base-on and O. 11 for the base-off). The relative orientations of 
the tensors between these two complexes are basically the same even though the 
0 angles appear significantly different. Since 9 = 1 for the base-off complex, a /3 
angle of 30" is the same as a P angle of 60' for a smallq as described by the base-on 
complex. 
T.here is only one trend seen across al1 of the dicyano corrinoid complexes (the 
two base-off forms as well as the dicyanocobyrinic acid) - the spans are al1 1400 
I 80 ppm. The skews of al1 three compounds have magnitudes of about 0.1 but 
the signs are not al1 the same. The magnitudes of the quadrupolar tensors of 
the base-off cobalamins are very similar but are significantly smaller than for the 
dicyanocobyrinic acid. The quadrupolar tensors of both dicyanocobyrinic acid and 
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MeBi2B0 are totally non-syrnmetric, but the quadrupolar tensor of BLZ has an r )  
value of 0.3. The  relative orientation of the chemical shift and quadrupolar tensors 
are different in al1 three complexes. 
5.5 Discussion 
Significant differences in chemical shift tensors of both the cobalt centre and in the 
phosphorus tail are seen rvhen members of the BI2 family change from base-on to 
base-off. In studying these nuclei? a mode1 is hoped to be constructed that can be 
used in studying cobalamins bound to enzymes. 
The most significant differences observed in the 59Co NMR spectra are the 
large decreases in isotropic chemical shift. This is due largely to a switch from 
five nitrogen and one carbon around the cobalt centre to four nitrogens and two 
carbons around that centre. This phenornenon has been studied in some detail in 
solution "Co NMR[123] and is still in its infancy in regards to solids with only our 
group discussing the effects of ligand planes on cobalt chemical shifts.[59] 
Assigning ligand planes responsible for specific chemical shift in cobalamins 
would be beneficial, if possible, to gain a better understanding of this class of com- 
pounds. However, in this study, we believe that it is not possible. The orientation 
of the chemical shift tensor of vitamin Bi2 shows that there is not a specific lig- 
and plane that can be assigned to give rise to a specific chemical shift (see Figures 
3.5 and 3.6). In light of these results, it would be friiitless to attempt to make 
ligand plane assignments since al1 of the complexes have jgCo chernical shift and 
quadrupolar tensors t hat Vary significant ly. 
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The differences in the 31P NMR spectra of the base-on cobalamins when com- 
pared to the base-off forms are substantially more informative than the "Co results. 
This is intriguing considering the phosphorus group is in the tail and it is not intu- 
itive that a nucleus so far atvay frorn the centre of action would be so informative. 
The isotropic chemical shifts of the base-on and base-off forms are not significantly 
different (less than S ppm), not overly surprising since most biological phosphates 
have shifts between 5 and -15 pprn. 
The spans and skews of the tensors for the two base-on forrns are very close to 
identical, and are also similac to the 31P NMR results for aquocobalamin. [l-l] The 
spans of the chemical shift tensors of these three base-on cobalamins are between 
183 and 185 ppm and the skews of the tensors are 0.38 -t 0.04 indicating that the 
shape of the  tensors is basically identical across the series of base-on cobalamins. 
The slight variations across the family are not surprising since the phosphate group 
would have different solvation in each complex. Effects of such solvation have been 
described recently by Frydman's group[57] on "Co, 13C, 15N and 31P. In t heir study 
the spans of the shift tensor are seen to change with the solvation sphere while the 
shape of the pattern (as described by the skew) are found to be essentially identical. 
When comparing the base-off forms of cobalamins, we have observed that the 31P 
chemical shift tensors for the two complexes in this study are essentially identical. 
As seen in Table 5.1, the 31P chemical shift tensors have spans of 10'7.5 k 2.5 pprn 
with skews of -0.735 f: 0.015. Thus the 31f chemical shift tensors for the two 
base-off forms are the same wit hin experimental error. 
What is most interesting to note is the 31P Lneshape (as demonstrated by the 
skew) arising from the base-of€ 3LP chemical shift tensor is significaatly different 
from the base-on cobalamin forms. This is seen in a positive skew for the base-on 
cobalamins while the base-off cobalamins have a negative skew. It is also notable 
that the 31P chemical shift tensor for the base-off cobalamins is much closer to axial 
symmetry compared to the base-on forms. Upon inspection of the chemical shift 
tensor principal components: cfl1 for both the base-on and base-off forms are fairly 
close (within 1.5 ppm). It is also interesting that the other two components of the 
base-on chemical shift tensor seem to converge (but not completely) which gives 
the lineshape observed for the base-off form. 
Positive us. negative skews are commonly seen in solid-state 31P NMR studies 
of phosphates in biochemistry. When a phospholipid is in an inverted hexage 
na1 phase,[124, 1231 a chernical shift tensor with positive skew is observed. -4 
positive skew is also observed for powders of phosphodiesters[l18, 1201 as well 
as aquocobalamin.[l21]. The phosphate groups in the cobalamin studied here 
have positive skews and are also phosphodiesters. Phospholipids in bilayers, how- 
ever, have 31P chemical shift tensors that have negative skews[124] similar to 
phosphornonoes ters. [lm] The conversion from a bilayer phase to an inverted hexag- 
onal phase can be induced by adding different rsagents and studied via solid-state 
31P NMR. [124] In a similar fashion, we have been able to study the conversion of 
base-on cobalamins (positive skew) to base-off cobalamins (negative skews) using 
solici-staie 31P NMR. 
One thing that is exceptional in this study is that UV-VIS spectroscopy shows 
only either base-on or base-off cobalamins while solid-state 31P NMR can show a 
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mixture of the two conformations. These UV-VIS results could possibly be ex- 
plained in two ways. One explanation could be based on the absorbances of the 
two complexes which can be observed visually as a bright red solution for the base- 
on form while the base-off forms are deep purple. From a UV-visible perspective, 
base-off cobalamins absorb more strongly than the base-on counterparts (e.g.. €361 = 
28-06 x lo3 Lmol-'cm-' for Biz while for BIzBO ~3~ = 30.4 x lo3 L m ~ l - ~ c r n - ~ )  .[l26] 
The 3LP solid-state NMR spectra, however, are not affected by differences in light 
absorption, but only by how much of each site is in each environment. A sec- 
ond explanation could possibly corne from solution 3LP NMR. Early solution 3LP 
NMR studies indicate that the base-on and base-off forms of MeBL2 have essentially 
identical chemical shifts. [ l l3]  Ure have performed a preliminary solution 31 P NMR 
study and have obtained with interesting results. If MeBL2 is dissolved in D20 ,  it 
has a Sis, of -0.40 ppm. If a solution of KCN is added slowly tu the NMR tube, the 
31P chemical shift only varies slightly to higher chemical shift even if 20 equivalents 
of KCN are added (Ji,, = -0.28 ppm) comparable to the observations by Brown and 
CO-workers.[ll3] However, if we dissolve the solid MeBi2B0, which had a solid-state 
S;,, of 4.42 ppm, Ji3, in solution is found to be 4.55 ppm. This interesting behavior 
warrants further solution investigations of cobalamin base conformation by bot h 
NMR and UV-visible spectroscopy. 
5.6 Conclusions 
The chemical shift (for both "Co and 3'P) and quadrupolar tensors (for "Co) are 
significantly different in base-on and base-off cobalamin complexes. No spectro- 
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scopic trend could be determined in the 59Co NMR results other than a similarit- 
in the span of the chemical shift tensors. Trends, hoivever. in 3LP chemical shift 
tensors have been observed. The spans and skews of base-on cobalamins are 134 -t 
3 ppm and 0.355 & 0.035 while base-off cobalamins have R = 107.5 3-5 ppm and 
K = -0.735 f 0.01.5. Since the 31P chemical shift tensors are significantly different 
in the base-on and base-off forms of Bi* family members, the possibility exists to 
capitalize on these trends. The next step would be to look at  the chemical shift 
tensors of enzyme-bound forms of cobalamins where the base is known to be either 
base-on or base-off and see if this trend is observed. If it is, a simple probe has been 
discovered to study the conformation of the nucleotide tail in cobalamin-enzyme 
complexes wit hout the need for single crystals suitable for X-ray diffraction. 
Chapter 6 
Solid-State Deuterium NMR 
St udy of Met hyl-ds-Cobalamins 
6.1 Introduction 
As discussed in the preceding chapter, the conformation (base-on vs. base-off) of 
the dimethylbenzimidazole tail of cobalamin-enzyme complexes is of great interest. 
Using the knowledge gained from the 31P on the conformation of the tail in methyl- 
cobalamin, the dynamics of the methyl group of the base-on and base-off forms of 
methylcobalamin can be investigated. 
The main interest in studying the dynamics of the methyl groups in methyl-d3- 
cobalamins is t O lay the foundation for the examination of met hyl-d3-cobalamin- 
enzyme complexes. The first cobalamin-enzyme complex for which the structure 
was definitively known was that of MeBI2 bound to a 27-kDa fragment of methio- 
nine synthase (Escherichia coli) studied via X-ray crystallography.[21] Methionine 
synthase is a methyl tranferase that allows for the conversion of homocysteine to 
methionine, releasing H4folate from CH3-H4folate. [l-(] In t his structure (seen in 
Figure 6.1) [21] the dimethylbenzimidazole tail was displaced by a histidine residue 
(His-7.59) of the protein. The nucleotide tail extended into a channel of the protein's 
structure, resulting in a base-off cobalamin. The histidine residue that replaces 
the dimethylbenzirnidazole allows the enzyme to have direct control of the methyl 
transfer in this tranferase enzyme. This replacement around the cobalt centre d l  
affect the cobalt-carbon bond, which presumably promotes the cobalt-carbon bond 
scission. 
The methyl group of rnethylcobalamin can be replaced easily with a deuter- 
ated methyl group through chemical means. This allows for spectral selectivity 
in that there will be no other deuterons other- than those we introduce. Solid- 
state 2H NMR has been well established to be a useful probe of dynamics in the 
solid state. [ l B ,  129, 130, 1311 Relaxation measurements can provide important and 
unique information concerning the motion of deuterated groups in many types of 
materials. This chapter will describe how selectively labelled methyl-d3-cobalamin 
and its base-off analogue were studied to learn about the dynamics of the methyl 
group in both of these complexes. 
6.2 Theory 
Spin-1 nuclei, such as 'H, give solid-state NMR spectra with a characteristic Pake 
pattern. This Pake pattern is observed due to  two subspectra for the two possible 
transitions of a spin-1 nucleus; the 1 t, O transition and the O t, -1 transition. The 
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Figure 6.1 : Methylcobalamin bound to methionine synthase. Reproduced from 
reference [2 11. 
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following equat ion describes these two subspectra 
where u(8: 4) is the anisotropic frequency response of the spectrum, uo is the Lar- 
mor frequency, x is the quadrupolar coupling constant, q- is the asymmetry of the 
quadrupolar tensor and the angles 8 and q5 give the orientation of the principal com- 
ponent of the quadrupolar coupling tensor with respect to the magnetic field. In 
the case of methyl groups. the principal component of the 'H quadrupolar coupling 
tensor invariably lies along the 2H-C bond. Methyl deuterons typically possess x 
values of 165-180 kHz with 7 of zero. [132] This simplifies equation 6.1. When groups 
such as methyl groups undergo rapid Di-fold motion (with N > 3), the anisotropic 
line shape is narrowed. Taking these features into account, the following equation 
results for rapid motion of a methyl group 
where is the angle between the N-fold rotation axis and the principal cornponent 
of the 2H quadrupolar coupling tensor, which, as stated above, lies along the 2H-C 
bond and q3 is the orientation of the N-fold axis with respect to Bo. 
Spin-lattice relaxation measurements of 2H nuclei can be used to establish the 
type of motion and its rate. The spin-lattice relaxation time, TI, is measured 
using the inversion-recovery pulse sequence. The standard inversion recovery pulse 
sequence is given as follows: lSOo - T - 90° - acquire. The lSOO pulse inverts the 
net magnetization from Mo to -Mo. After variable delay time, T? a 90" pulse is 
applied rotating the magnetization into the plane perpendicular to the magnetic 
field where an FID can be recorded. At short T ,  negative signals are observed. 
As T increases, the signals become less negative, then positive, and continues to 
increase until the maximum signal is obtained when nuclei have sufficient time to 
return to equilibrium before the second pulse. The recovery of the magnetization 
is characterized by the following equation: 
Therefore a plot of signal intensity us. r will reveal TI. When studying 2H, which 
has a nuclear spin of 1, the 90" pulse in the inversion recovery sequence is replaced 
by the quadrupole echo (90' - delay - 90" - delay - acquire).[l33] 
From TI measurements, the rotational activation energy of groups, such as 
methyl groups, can be established. [l34] If a methyl group undergoes three-fold 
jumps, relaxation across the powder lineshape will be anisotropic and parts of the 
2H NMR powder pattern are observed to relax faster than other parts. However, 
if a rnethyl group is undergoing rotational diffusion, al1 parts of the 2H lineshape 
will relax at the same rate. Differences in the relaxation behaviour across the 2H 
lineshape predicted for these two possibilities can be used to determine the appro- 
priate mode1 for methyl rotation.[l35] Variable temperature spin-lattice relaxation 
times can also used to obtain the activation energy (E,) of methyl rotation using 
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the folloming equations: 
where < X2 > is the motionally averaged squared 2H quadrupolar coupling con- 
stant, J(w,) and J(2wo) are spectral density functions, wo is the angular Larmor 
frequency, T, is the correlation time for rotation, r ,  is the correlation time at in- 
finite temperature, ks is the Boltzmann constant, and T is the temperature in 
Kelvin. As long as u,ZrZ < 1 (valid for al1 temperatures in this study), it is obvious 
from equations 6.4 - 6.7 that a plot of ln(Ti) us. 1/T (an Arrhenius plot) will yield 
E, from the dope of this plot. 
Equations 6.4 - 6.7 are the traditional solid-state NMR way of describing relax- 
ation. A slightly difFerent approach is to use transition-state theory (TST) . Figure 
6.2 pictorially shows the Gibb7s free energy of activation (AG') for the methyl group 
rotation. The AG$ in the form of enthalpy (AH$) and entropy (AS) of activation 
can be determined from an Eyring plot. To determine AHf and A S  from Ti, the 
following equation is used: 
Figure 6.2: Energy us. reaction coordinate showing methyl group rotation. 
where ri is the transmission factor (1 s2 in this study). Therefore an Eyring plot of 
ln(TiT-') us. TL will reveal both AH$ and A S .  
6.3 Experiment al 
6 -3.1 S ynt hesis 
Methyl-cis-cobalamin was prepared by a slight modification of a known synthesis.[90] 
The synthesis of methylcobalamins must be  done exclusively under red light or else 
the cobalt-carbon bond will cleave. Vitamin BI* (650 mg) was dissolved with stir- 
ring in degassed water (40 mL) in a stoppered 125 mL flask while bubbling argon 
through it. A solution of sodium borohydride (310 mg in 4 mL degassed water) 
was added via  syringe. This solution was stirred for 15 minutes and turns from 
red to brown to a blue/green colour (cobalt(1)). A degassed solution (6 mL wa- 
ter) of FeS04(NH&S04.6H20 (105 mg) and FeCls (505 mg) was added dropwise 
via syringe over 15 minutes to react and cornplex with the boron-containing ma- 
terials. This solution was then left to stir for an additional 15 minutes to allotv 
for the reaction to complete. Methyl-d3-iodide (1g vial) was dissolved in degassed 
methanol (2 .5  mL) and then added to the solution causing the solution to turn red 
again. To remove the iron salts, the solution was centrifuged, decanted, centrifuged 
again, then decanted again and finally filtered through a fine frit. This solution 
was evaporated under reduced pressure to approximately a 1 mL voiüne. Acetone 
was added to this solution until it started to show slight turbidity after which it 
was stored at 4OC to crystallize. The crystals were collected yielding 600 mg of 
methyl-dscobalamin (91%). The product was characterized by electrospray ioniza- 
tion mass spectrometry, showing a rnolecular ion at m/z = 1347 Da as cornpared 
to the unlabeled methylcobalamin at 1344 Da. 
The base-off form of methyl-d3-cobalamin was made in a similar fashion as 
described in chapter 5 using 8:l molar equivalents of 1iCN:methyl-d3-cobalamin. 
Conversion of the base-off complex was confirmed using 3LP NMR. 
6*3.2 Solid-State NMR Experiments 
Solid-state 2H NMR spectra were acquired at 76-77 MHz on a Bruker AMX-500 
NMR spectrometer (Bo = 11-75 T )  using a solenoid probe. The samples were packed 
in 5 mm NMR tubes cut to a length of 24 mm. Deuterium sr12 pulse lengths of 2.2 
- 2.5 ps were used. A quadrupolar echo pulse sequence was used to acquire 1 D  *H 
NMR spectra and the quadrupolar-echo inversion-recovery pulse sequence[l33] was 
used to measure spin-lat tice relaxation time (Ti ) at various temperat ures. Tem- 
peratures were acquired in approximately 10K increments from 300K - 180K; these 
temperatures were calibrated using the chernical shift separation of OD and CD3 
signals in neat methanol-d4. Temperatures below the freezing point of methanol 
(175K) were obt ained by extrapolation of the solution data. 
6.3.3 Sirnulat ions 
The inversion-recovery 2H NMR spectra were simulated iteratively using the method 
of Wittebort.[l36] In these simulations the rate of exchange was optimized to pro- 
duce TL values and anisotropic line shapes that best fit the experimental spectra. 
The effects of finite pulse widths were included. but these had little effect on the 
simulations. Equal populations of the sites were assumed in al1 cases. 
6.4 Results 
The 1D 2H NMR solid-state NMR spectra of both methyl-drcobalamin and its 
base-off analogue exhibit typical Palie patterns at al1 temperatures with a peak-to- 
peak splitting of 48.5 I 0.5 kHz. A typical *H NMR spectrum is seen in Figure 
6.3. This spectrum is typical of methyl deuterons undergoing three-fold motion. 
The static 2H quadrupolar coupling constant and the angle Ç (equation 6.2) both 
affect the degree of motional narrowing of the spectrum from the rigid-lattice value. 
NMR spectra could not be obtained a t  sufficiently low temperatures corresponding 
to the rigid-lattice condition and therefore the static values of x for each complex 
could not be obtained explicitly from the spectra. If a tetrahedral angle of 109.5O 
is assumed (and therefore C ) ,  a quadrupolar coupling constant of 194 & 2kHz is 
obtained from the splitting. This is significantly larger than methyl groups in other 
biological molecules - a typical value of 167 kHz is reported for the methyl group 
of alanine.[l32] If a x of 167 kHz is assumed, the angle C is calculated to be 105.9". 
Both of these approaches provide a relatively narrow range of these parameters 
and therefore the extremes of these covariant ranges (167 kHz < x < 194 kHz and 
105.9' < C < 109.5') will be investigated. 
Examples of the experimental and simulated solid-state inversion-recovery *H 
NMR experiments for the base-on form of methyl-d3-cobalamin are seen in Figures 
6.4 (experimental) and 6.5 (simulated). A11 of the spectra for both complexes 
Figure 6.3: Solid-state 2H NMR spectrum of methyl-d3-cobalarnin at 76.77 MHz 
(Bo = 11.75 T) at 294K. The splitting of 48.5 kHz provides evidence that the methyl 
group is motionally averaged via t hree-fold motion. 
300 rns 
200 ms 
Figure 6.4: Experimental 2H NMR spectra of methyl-d3-cobalamin at 184 K. Note 
that the relaxation across the pattern does not al1 proceed at the same rate across 
the anisotropic *H lineshape. The outer shoulders recover faster than the sharp 
peaks, indicating that Tl is anisotropic. 
Figure 6.5: Simulated 2H NMR spectra of methyl-d3-cobalamin at 154 K. Note that 
the relaxation across the pattern does not al1 proceed at the same rate across the 
anisotropic 2H lineshape. The outer shoulders recover faster than the sharp peaks, 
indicating t hat TL is anisotropic. 
in this study behaved in a similar manner at al1 temperatures. The spin-lattice 
relaxation of the shoulders occurred at a much more rapid rate than relaxation of 
the peaks (by a factor of approximately 2). This is direct and unequivocal evidence 
that methyl group in both complexes undergoes three-fold motion in jumps between 
discrete sites rather than rotational diffusion about the methyl axis. The recovery 
of magnetization of the peaks in Figure 6.4 occurs with a Tl of 145.1 * 1.6 rns 
while that of the shoulders occurs at 72 i 3 rns. The larger errors in the shoulders 
is a result of the more difficult assignment of the intensities for Tl fitting in these 
regions of the lineshape. A similar trend of a factor of approximately 2 between 
the peaks and shoulders is observed at al1 temperatures. As a result of the lower 
errors in the TL values for the peaks, these values were used to generate best-fit 
simulations of the magnetization recovery lineshapes (as seen in Figure 6.5).[136] 
The two possible limits of x and ( described above were both simulated and resulted 
in similar rates and essentially identical spectra at each temperature. The results of 
the simulation for the base-on and base-off forms of methyl-d3-cobalamin are given 
in Tables 6.1 and 6.2. The two limiting cases for x and have been called model 
A and model B; model A refers to x = 167 kHz and ( = 105.9"; in model B x = 
194 kHz and ( = 109.5". 
The correlation times for the two cornpIexes in this study could not be obtained 
directly from the relaxation data because it was not possible to obtain temperatures 
(due to our experimental setup) that corresponded to their Ti minima. However, 
the resdts presented in Tables 6.1 and 6.2 from our  simulations provide estimates 
of exchange between each of the three sites in the jump motion. The activation 
Table 6.1: Temperatures, 2H XMR Tl (peaks) values, and computer simulation 
exchange rates obtained for methyl-6-cobalamin base-on. 
Temperature (K) Tl (s) Rate (model A)  (Hz) Rate (model B) (Hz) 
387 0.900 7.50 x 10" 1.08 x 10" 
27.5 0.866 6.89 x 1010 1.04 x 10'' 
NOTE: Errors in Tl are less than 1076, on the basis of the standard deviation of 
the non-linear least squares fit. Model A refers to x = 167 kHz and = 105.9O. 
Model B refers to x = 194 kHz and < = 109.5". 
Table 6.2: Temperatures, 2 H  NMR Ti (peaks) values, and computer simulation 
exchange rates ob t ained for met hyl-cl3-cobalamin base-off. 
Temperature ( K )  Tl (s) Rate (model A )  (Hz) Rate (model B) (Hz) 
302 0.812 6.43 x 10LO 9.96 x 1010 
287 O. 702 5.56 x 10LO 8.63 x 10iO 
274 0.649 5.14 x 10LO 7.96 x 10LO 
262 0.580 4.59 x 1010 7-11 x IOL0 
249 0.484 3.83 x 10LO 5.94 x l o L O  
239 0.373 2.90 x 10" 4.56 x 10iO 
222 0.316 2.50 x 10LO 3.88 x 10'' 
201 0.278 2.20 x 10LO 3.41 x 10LO 
186 0.253 2.00 x 10LO 3-10 x 10LO 
177 0.168 1.33 x 10LO 2.06 x 10LO 
167 O. 140 1.11 x 10LO 1.72 x 10'' 
157 0.095 7.50 x log 1.16 x 10LO 
147 0.068 5.40 x 10' 8.4 x log 
NOTE: Errors in T l  are Iess than IO%, on the basis of the standard deviation of 
the non-linear least squares fit. Model A refers to x = 164 kHz and = 105.9". 
Model B refers to x = 194 kHz and < = 109.5". 
energy for the jump motion is obtained direct!y from a plot of ln(Ti) us. 1000/T. 
Figure 6.6 shows a such a plot for both MeBi2 (red) and MeBizBO (purple). The 
slopes of the fits were determined to be -962 K-L and -672 K-' for the base-on 
and base-off complexes respectively. Therefore an activation energy of 8.0 k 1.3 kJ 
mol-' is obtained for MeB12. The activation energy of the base-off form is less at 
5.6 i~ 0.6 kJ mol-'. 
Looking at the fits in terms of TST, the enthalpy and entropy of activation of the 
methyl group rotation can be obtained from the fits seen in Figure 6.7. Enthalpy 
is determined from the dope and entropy from the intercept. For ? ~ 1 e B ~ ~ ~  AH$ was 
determined to be 6.20 f 1.49 kJ mol-' while that of MeB12B0 was determined to 
be significantly less at 3-87 f 0.71 kJ mol-'. The AS$ for the base-on and base-off 
complexes were determined to be very similar at -224 & 59 J K-' mol-' and -234 
& 23 J K-' mol-' respectively. 
6.5 Discussion 
From the experimental data acquired on both of the complexes in this study, it 
has been established that both complexes undergo rapid rotation in the solid state, 
such that all of the NMR spectra over al1 temperatures in this study fa11 in the fast- 
exchange limit. Being able to add this selective label to these two complexes allows 
for the the acquisition of solid-state 2H NMR spectra without any background 
signals. This type of label can be used in many bioinorganic systems to selectiveiy 
study specific sites within a complex. Other similar types of labels are unique 
nuclei within a molecule, e.g., 5gCo as described in chapters 3 and 5, and the 31P 
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Figure 6.6: Plot of In(Ti) us. 1000/T for MeBi2 (red) and MeBi2B0 (purple). 
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Figure 6.7: Plot of ln(TiT-') us. T-' for MeB12 (red) and MeBlzBO (purple). 
study in chapter 5. Introduction of I3C nuclei was described in chapter 4 and- 
as described there, different information is available by introducing these types of 
labels. However, since there is a significant natural abundance of I3C (1.1%): these 
types of experiments are not as selective as that described in this chapter. It is also 
significant that to perform solid-state NMR experiments, single-crystals are not 
needed allowing for the study of a much larger range of complexes. With respect to 
biologically relevant samples, lyophilized samples from water and/or from a buffer 
solution can be used dlowing for easily prepared samples. 
We only know of one report of a 'H NMR study of a methyl group directly 
attached to a metal - [W(q-C5Me5)(CD3),] [PFs].[131] In this complex there are 
two types of methyl groups bound to the tungsten in a 3:1 ratio (1 axial and 3 
equatorial). The E. of the axial methyl group in this tungsten complex was found 
to be 26.8 kJ mol-' while that the equatorial methyl groups was 10.9 kJ mol-'. 
It is interesting to note that the axial group was in the slow exchange limit while 
the equatorial groups were in the fast exchange limit. The methyl groups in the 
fast exchange limit seem to be similar to the results for the methyl-dscobalamins. 
Kowever, the 2H lineshape of the methyl groups in the tungsten complex were 
found to be significantly asymmetric (17 = 0.2). From the lineshape analysis, the 
quadrupolar coupling constant for this complex were determined to be 178 kHz. 
Quadrupolar coupling constants for 2H methyl groups have been studied in many 
organic compounds, biological compounds, and salts as well as in the just mentioned 
tungsten complex. Invariably x is between 165 and 180 kHz in these types of 
met hyl groups ( e.g., 174 kHz in tert-but~liodide, [l37] 167 kHz in alanine, [l32] and 
168 kHz in tetramet hylammonium salts[l3S]). Since al1 of the spectra acquired for 
both complexes in this study fa11 into the fast-exchange limit with respect to methyl 
rotation, it was not possible to obtain independent values of s and (; from the single 
peak-to-peak splitting of 48.3 I 0.5 kHz. Both values have to be obtained using 
equation 6.2, thus only ranges of (167 to 194 kHz) and (r (105.9" to 109.Y) could be  
determined. For the base-on form where an X-ray crystal structure is available,[l39] 
an estimate of the Co-C-H angle is available. In the crystal structure. the C-H bond 
length. however, is significantly shortly than usual (0.977 - 1.036 A)  as compared 
to normal values of 1.09 A. [140] -&O, the angles are larger t han those expected for 
a carbon in such an environment as in this complex. Interestingly, the shorter C-H 
bond Length correlates to a larger Co-C-H bond angle. Since hydrogen positions are 
notoriously difficult to determine via X-ray diffraction, extrapolation of the bond 
angles was performed using a bond length of 1 .O9 A to determine an angle of 106.7°. 
Using this angle for C, a x of 171.9 kHz is obtained for methyl-d3-cobalamin, which 
is in the range of those for the complexes mentioned above. 
The motion of the methyl groups in both the base-on and base-off forms of 
methyl-d3-cobalamin are best described as jumps between three equivalent sites, 
rather than free rotation or rotational diffusion about the methyl axis. T h e  anisotropy 
in the TL for both complexes is direct evidence for this conclusion. The activation 
energy of the jumping motion, however, is significantly different between the base- 
on and base-off forms. The activation energy of the base-off form is 5.6 kJ mol-' 
which is only 70% of that of the base-on form (8.0 kJ mol-'). This is an indica- 
tion that the Co-C bond in the base-off form is weaker (and therefore longer) than 
in the base-on form, This is consistent with results for cobaloximes: models for 
cobalamins, for whicli is has been shown that there is a strong trans influence on 
the Co-C bond length.[l41? 1421 In any case. both complexes in this study have 
activation energies that are significantly smaller than ot her methyl groups in or- 
ganic/biological complexes or salts. Typical values fa11 in the range of 17 - 27 kJ 
mol-'[132, 1381 in sterically crowded environments (like alanine), and can be as low 
as 8.6 - 17.6 kJ rn01-~[143, 1441 in less hindered sites like that in methionine. The 
low activation energies observed in the two complexes in this study are probably 
a reflection of two factors arising from the structures: the lability of this methyl 
group through the weak Co-C linkage important to  its biological function, and the 
lack of any steric hindrance within the "puckered bowl" of the corrin ring. 
Solid-state NMR is becoming more and more popular to use to investigate bi- 
ological mechanism and structure. Studelska e t  a1.[145] were able to follow an en- 
zymatic reaction via solid-state NMR. In this study, solid-state NMR experiments 
of select ively isotopically labelled phosphoenolpyruvate complexed wi t h shikimate 
3-phosphate and EPSP synthase (a 46 kDa protein) were used to elucidate the 
structure of intermediates in the enzymatic reaction. The advantage of using solid- 
state NMR as compared to solution NMR is that there is no upper limit on the 
size of the complexes that can be studied. McDermott and CO-workers have been 
using 'H NMR as a selective probe in paramagnetic compounds, both coordination 
complexes[l46, 1471 and biological materials,[l48, 1491 to great success. On the 
basis of the selectivity of the 2H solid-state NMR results presented in our work, 
the capacity to provide detailed information about the dynamics involved (includ- 
ing both the type of mode1 and the rates of motions) as weil as the ability to 
use polycrystalline samples, we believe that we can use this technique to study 
larger biological systems. Drennan et. a1.[21] published the first crystal structure 
of methylcobalamin bound to a fragment of methionine synthase. In this structure, 
it was observed that the cobalamin is in a base-off configuration which His-7.59 re- 
places the dimethylbenzimidazole. However: using solid-state NMR, Ive could look 
at the holoenzyme containing bound 'H labelled cobalamin since we do not need to 
worry about being able to grow crystals of the complex. It might even be possible 
to follow the complete reaction of the conversion of homocysteine to methionine 
using stop-flow techniques to quench the reaction at specific times and analyzing 
these samples by the solid-state WMR techniques described in this thesis. 
6.6 Conclusions 
Deuterium NMR has been shown to be an excellent probe of the dynamics of the 
methyl group in methylcobalarnin. The rotation of the methyl group in methyl-d3- 
cobalamin and its base-off form were both determined to correspond to a three-fold 
jumping motion. An enthalpy of activation of 6.20 kJ mol-' was determined for the 
base-on form of methylcobalamin while that of the base-off form was determined to 
be less than two thirds of this at 3.87 kJ mol-' while the entropy of activation was 
found to be very similar for the two complexes varying less then 10 JI<-'mol-'. The 
differences in the ~ ~ f ' s  give hope that solid-state 'H NMR will be a useful probe to 
study an enzyme-bound methyl-d3-cobalarnin and could possibly give insight into 
the methyl transfer in enzymes that use methylcobalarnin as the methyl source. 
Chapter 7 
Concluding Remarks 
The goal of this thesis was to add to the body of knowledge pertainiog to the cobal- 
amin family of compounds using solid-state NMR as a research tool. In particular 
we wanted to learn about enzyme-free cobalamins to set the basis for the future 
s tudy of enzyme-bound cobalamins using solid-st ate NMR techniques. 
In Chapter 3, the single-crystal 59Co NMR study of vitamin Biz was described. 
This was the first example of the application of single-crystal NMR study to the 
elucidation of the local environment of a metal in a biologically relevant system. 
From this study, we were able to determine that the cobalt chernical shift tensor is 
Highly anisotropic, with principal components of Jll = 5075 & 45 ppm, hz = 4670 
f 43 ppm, and k3 = 3902 f 42 ppm. The quadrupolar tensor, as described by the 
quadrupolar coupling constant ( X  = 27.31 f 0.08 MHz) and asymmetry parameter 
(v = 0.243 & 0.005) was also determined. The orientation of the two tensors in the 
molecular frame was unambiguousIy determined. With the success of this study, it 
would be interesting to perform equivalent studies on both rnethylcobalamin and 
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CO-enzyme B12 in the near future. 
Chapter 4 described 15N and 13C CPMAS and CP static NMR experiments. 
Selective labelling of the cyano group of vitamin B i2  wit h l5 W and ''NI I3C cyanide 
show that there is no notable effect from the cobalt on the 'W spectra. From 
the 13C CPMAS NMR spectrum of ~~ano-'~N~'~C-cobalarnin, a Co-C one-bond 
J-coupling of 165 -t 10 Hz is observed. The 13C CPMAS spectrum of methyl-13C- 
cobalamin, however, could not be sirnulated but has lead to a new idea. Since 
we can attach one 13C label readily, if a second 13C label could be introduced 
into the dimethylbenzimidazole taiI biochemically, distance measurements could be 
determined using rotational resonance[lOl] or RFDR[102] and one could study base- 
on us. base-off cobalamins usiiiç: I3C NMR. Also, since there is a large background 
in 13C NMR, double CP[99] could be used to study the methyl group if it was 
doubly labelled with both 13C and 2H. One could then perform CP from 'H to 'H 
followed by CP from 2H to 13C to remove the majority of the background carbon 
signals. 
Using solid-state 3'P NMR, we believe that we have determined a method to 
readily identify whether cobalamins are base-on or base-off. Chapter 5 described 
both 31P and 59Co NMR studies of base-on and base-off cobalamins. The "Co 
NMR chemical shift and quadrupolar tensors of the base-off forrns for vitamin 
B12 and methylcobalamin are described. From these results, it was realized that 
further studies of base-off cobalamins need to be performed with a nitrogea bouod 
ligand to replace the dimethylbenzirnidazole instead of cyanide to gain a bet ter 
understanding of the cobalt centre of base-off cobalamins. The 31P chemical shift 
tensors of the base-on and base-off cobalamins are significant ly different (JO,= -1 -3 
z t  1 ppm, 4.6 + 0.3 ppm, a,,= 184 & 3 ppm. RoJf= 107.5 f 2.5 ppm, ri,,= 
0.353 + 0.035, K , J J =  -0.735 f 0.01.5). Knowing the differences in the base-on and 
base-off cobalamin solid-state 31P NMR results, the next step would be to test our 
hypothesis on enzyme-bound cobalamins that are known to be base-off. 
Deuterium NMR relaxation studies of methyl-&-cobalamin and its base-off ana- 
logue revealed information about the dynamics of these two complexes. Chap ter 
6 described this study where the activation energy for methyl group rotation of 
the base-on form was determined to to S.0 & 1.3 kJ mol-1 while the base-off form 
was determined to only be 70% of this value at 5.6 i 0.6 kJ mol-'. In both cases 
the met hyl group is undergoing three-fold jumping motion. From these results, 
we believe that using deuterium as a probe to study an enzyme bound methyl-d3- 
cobalamin could give insight into the methyl transfer in enzymes that use methyl- 
cobdamin as the methyl source v ia  a solid-state 'H NMR study where the methyl 
transfer is quenched at  different times in the reaction. 
The results presented in this thesis are encouraging and indicate that we will 
be able to enter the world of enzyme-bound cobalamins well prepared. Recently 
an enzymatic pat hway was studied via solid-state 31P NMR. [145] This enzymatic 
turnover is the first of its kind studied using solid-state NMR techniques, but we 
expect many more to follow in the near future. These results together with our 
efforts lead us to believe that enzyme-bound cobalamins are well within the  gcasp 
of solid-state NMR techniques and that these enzyme-bound complexes will be one 
of the next to be found in the literature. 
Appendix A 
Raw Data From The 
Single-Crystal Vitamin Bi? d Study 
The following three tables contain the raw data used to determine the quadrupolar 
and chernical shift tensors for 59Co in vitamin BL2 In the analysis of the data, the 
angles were shifted slightly ( -6.8O for the X-rotation and -4.7' for the 2-rotation). 
The data from these tables were fitted using Microsoft Excel. Appendix B has a 
complete error andysis of the data and includes a step by step analysis of site 3. 
APPENDIX A. RAW SINGLE-CRYSTAL NMR DATA 
Table A.l: Raw data for the X-rotation of the jgCo single-crystal XMR study. 
Rotation Ande Sites 114 Sites 2/3 
Table A.2: Raw Data for the Y-rotation of the jgCo single-crystal WMR study. 
Rotation Angle Site 1 Site 2 Site 3 Site 4 
O O 44'7881 Hz 506475 Hz 506475 H z  44158i Hz 
15" 442998 Hz 483061 Hz 511357 Hz 469365 Hz 
30" 445938 Hz 446904 Hz 512817 Hz 518193 Hz 
45O 458623 Hz 427373 Hz 534795 Hz 54.5537 Hz 
60" 511357 Hz 455693 IYz 578740 Hz 581670 Hz 
75" 535701 Hz 509404 Hz 588506 Hz 597395 Hz 
90" 584600 Hz 5'70928 Hz 570928 Hz 584600 Hz 
105' 597295 Hz 590459 Hz 512822 HZ 539678 Hz 
120" 580693 Hz 580693 Hz 456670 Hz 507451 Hz 
135" 545537 Hz 534795 Hz 426396 H z  458633 Hz 
150" 509404 Hz 510381 Hz 449834 Hz 451787 Hz 
165" 473294 Hz 510381 Hz 484990 Hz 445928 Hz 
180" 447881 Hz 506475 Hz 506475 Hz 447881 Hz 
APPENDIX -4. RAWSI.iVGLECRlfSTAL tWfR DATA 
Table A.3: Raw Data for the 2-rotation of the 59Co single-crystal NMR study. 
Rotation Angle Site 1 Sites 2/3 Site 4 
O " 566314 Hz 566314 Hz 596995 Hz 
Appendix B 
Single-Crystal Vitamin Bi? -J Error 
Analysis 
To determine the final errors in the quadrupolar coupling and chemical shift tensors 
in vitamin BLZ, the error must be propagated through al1 steps of the analysis as 
done regularly in statistics. Looking a t  site 3 of BL2, the following table gives the 
15 parameters as well as the errors of fit for the single-crystal 59Co NMR data. To 
Table B.1: Best-fit parameters for site 3 single-crystal 5T0 NMR experiments with 
errors in parentheses (al1 values in Hz). 
Rotation x Rotation y Rotation z 
A 516 184 (1 025) 511 169 (908) 579 572 (912) 
B 42 884 (1 409) -32 009 (1 243) -10 433 (1 252) 
C 39 390 (1 490) 53 281 (1 323) 2 923 (1 328) 
D 34 171 (1 424) 27 619 (1 243) -718 (1 258) 
E -5 350 (1 476) -15 647 (1 323) 798 (1 322) 
follow the propagation of error through the data analysisl it is convenient to look 
at  the quadrupolar coupling tensors first followed by the chernical shift tensor, and 
concluding wi t h errors in the Euler angles. 
B. 1 Quadrupolar Tensor 
The errors in the quadrupolar coupling tensor can be determined from the errors in 
the D and E terms since these terms are solely due to  the quadrupoIar interaction. 
Therefore the terms obtained from rotation x (Q,, - Qz2 and Qu=) must be solved 
in terms of Dx and Ex using equations 2.92 and 2.93. The followiiig is the result of 
such a rearrangernent . 
Q$= = Constant x (D, - (D: + E Z ) ~ )  
(&,, - Q,;)' = Constant x (-D, - (D2 x + E S ) ) )  (B.3) 
The errors in equations B.l and B.2 will be the same since the error in D, = error 
in -Dx. Therefore, the following errors need to be determined: 
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Sable B-2: Summary of error analysis of raw quadrupolar coupling tensor. 
Component Error (Hz) 
Qxx 663 
Qw 88s 
Q .zz 878 
Q z y  1108 
Qu- 1248 
Q Zr 1100 
Hence the errors in QY, and (Qyy - Q;;)2 are both 2497 and the errors in Qyz and 
(Qyv - Q Z z )  are 1248. In a similar fashion the errors in the other components of 
the raw quadrupolar coupling tensor c m  be determined. To determine the errors 
of the diagonal components (as they obviously are determined as a pair so far)! the 
errors must be squared and solved as a series of equations ôs follows: 
~ r ro r (QT,  + Q:,) = 1100~ = 1210107 (B-9) 
Erro+(Q~, + Q:,) = 1 1 0 8 ~  = 1228203 (B. IO) 
The error in Qyy is given as ((B.8 - B  .9 + ~ . 1 0 ) / 2 )  4 = 888. A surnmary of the error 
analysis the results for the raw quadrupolar coupling tensor are given in Table B.2. 
The next step in the process was to diagonalize the following raw quadrupolar 
tensor. 
-281357 -79353 120420 
-79353 -351010 -38362 
130420 -38363 631367 
This was done simply with the software package; Maple ,  the results of which are 
given by the folloiving Eigenvectors , 
for which the Eigenvalues are -401.0 kHz, -246.3 kHz, and 630.3 kHz. However, to 
propagate error through such a process is not a trivial matter. Using Prof. LeRoyk 
report,[54] the following process was performed. The uncertainty (U) of a given 
component of a diagonalized matrix is given as 
where D is a column rnatrix with eiements that depends on the errors in the corn- 
ponents of the raw matrix as well as uncertainty introduced via trial values added 
APPENDIXB.  SllVGLECRYST-~LVITALVIINB~~ERRORAIV~~LYSIS 149 
to the numbers of the raw matrix done one at a tirne. This can be written as 
for the 11 component, Qii, of the diagonalized quadrupolar tensor. The size of 
the trial value is usually on the order of ten percent of the errors (addition of 100 
was used for the quadrupolar tensor). Thus, 100 is added to the xx component of 
the raw quadrupolar tensor and it is then diagonalized. This gives news values for 
al1 of the component of the quadrupolar tensor. The difference in the original Qxx 
cornponent and the new Q, component is dQzz. This procedure is then repeated 
for the remaining five different elements to obtain the other aQ, values. For QS3, 
the following D matrix is obtained. 
Table B.3: The quadrupolar coupling tensor including errors (in parentheses) in 
the cube frame. 
The errors in this D matrix must al1 be multiplied by a factor of two to determine 
the uncertainty for 2 standard deviations (95% confidence). If the new matrix 
2 x  D is then put into equation B.13 to find the error in component Qgg the result 
is 1830 Hz. In a similar manner, the errors of the other two Eigenvalues as well 
as the nine components of the Eigenvectors were obtained. Table B.3 contains the 
quadrupolar coupling tensor with the errors (in parentheses) of bot h the Eigenvalues 
(in kHz) and Eigenvectors. These values correspond to the quadrupolar tensor in 
the cube frame of the experirnent. To convert from the cube frame to the crystal 
frame, a rotation matrix is needed. This matrix is prepared with knowledge of the 
orientation of the crystal on the rotation plate via X-ray crystallography or from 
the rotation plots. In this case the rotation plot x gave the angles needed, since 
in rotation x, the crystal was rotated about the a-axis of the cell; hence this angle 
was zero. The point where the four sites give only one signal in rotation x is 24' 
(this is when c is along Bo). This is the angle needed to rotate between the crystal 
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and cube frames using the following rotation matrix.[%] 
The results from this rotation (including errors) are given in Table 3.2. 
B.2 Chernical Shift Tensor 
After the errors are determined for the raiv quadrupolar tensor, they can be removed 
from the errors in the A, B, and C terms thus allowing for the elucidation of the 
errors in the raw chemical shift tensor via rearrangement of equations 2.89, 2.90, 
and 2.91. Using A,, B,, and C, to determine the errors in 6,, + 6,=, 6,, - sZz, 
and 6,, the following equations are obtained (a11 of the constants are removed for 
simplicity except for v, which is needed to convert Hz to ppm). 
For the squared terms, the error is just 2 x the error of the term. The product 
terms give errors that are less than one and thus will be ignored. Therefore, the 
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errors in 6,, + 6,=, 6,, - 6==, and 6,, can be determined as follows. 
Error(6, + 6==) = (102j2 + 1776~ + lXs2 + 2 4 9 ~ ~  + 2 2 0 0 ~  + 2216~)f  lu, 
= 4S26/u0 = 40.7 ppm (B.30) 
Likewise, the errors in A,, B,, C,, A;, Bz, and C, can be used to determine the 
errors of the other components of the raw chernical shift tensor. Like the raw 
quadrupolar tensor, the diagonal components corne in pairs (either via addition 
or subtraction) and therefore the errors must be determined through solution of a 
series of equations after the addition errors have been squared. 
The error in &, is given as ((B.17 - B.18 + ~ . 1 9 ) / 2 ) $  = 26.7. Sirnilarly the 
errors 6,, and &=, are 28.8 pprn and 25.7 ppm respectively. Unlike the quadrupolar 
c o u p h g  tensor, the subtraction errors also could be used to find the errors of the 
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Table B.4: Summary of error anaiysis of raw chemical shift tensor. 







diagonal components. Upon doing such calculations the errors in 6,,; ~ 5 , ~ ~  and JZz  
are found to be 25.3 ppm, 21.7 ppm, and 25.9 ppm. An average of the addition and 
subtraction errors will be used for further propagations. A summary of the errors 
of the raw chemical shift tensor are seen in Table B.4. 
The next step is the diagonalization of the raw chemical shift tensor below. 
This was also performed with Maple and the Eigenvectors were found to be 
with Eigenvalues of 5075 ppm, 4670 ppm, and 3902 ppm. The propagation of 
error for the chemical shift tensors was accomplished by the same means as that 
Table B.5: The chemicaI shift tensor including errors (in parentheses) in the cube 
frame. 
of the quadrupolar coupling tensor using numerical methods described in LeRoy's 
report.[54] The  size of the trial value used here was 1. Gsing this trial value the 
following D matrix for the 633 component can be determined. 
As for the quadrupolar tensor, each of these values must be multiplied by two to 
give a value for two standard deviations. If the new matrix 2xDs3, is then put into 
equation B. 13 to find the error in component 633 the result is 42 ppm. In a similar 
manner, the errors of the other two Eigenvalues as well as the nine components of 
the Eigenvectors were obtained. These errors are summarised in Table B.5. These 
values correspond to the chernical shift tensor in the cube frame of the experiment. 
To convert to the crystai frame the rotation matrix (the sarne as was used for the 
quadrupolar coupling tensor) is needed. The results of rotation of CsEigenuolries are 
given in Table 3.1. 
B .3 Euler Angles 
To obtain the Euler angles, the following multiplication of the Eigenvector of 
quadrupolar (Q) and chernical shift (C) tensor must be performed. 
The Euler angles (E(a0y)) corne directly from t his product and are given as follows. 
(B.30) 
c o s y c o s ~ c o s ~ ~ - s i n r s i n c t  cosycos~s inû .+s inycosa  s inpsina  
-sin7 cospcosa - cosysina - s i n~cos / ?cosa  - cosysina sinysinp 
sin p cos ûr sin 0 sin ar cos B 1 
Since S(a@y) = Q ~ C ,  the Euler angles can be easily determined to be 334.0°, 
4 1 . 4 O ,  and 207.3'. To find the errors in these angles, the errors of the Q and C 
Eigenvectors must be propagated throughout. Since this is a simple multiplication 
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of two 3 X 3 matrices, the error in each component is a sum of the errors obtained 
from the 3 multiplications squared and then the square root of the sum. Since we 
know the error of each of the components of Q and C, we obtain E(a$'?) with the 
following errors 
Now to calculate the error ,O we can look at the 33 position of the matrix. A 
,8 of 39.7O is obtained if the error is considered to be negative and a ,B of 43.1' is 
obtained if the error is considered to be positive. The difference of these two angles 
divided by 2 gives and error of f 1.7" in 0. In a similar rnanner, the errors in CY 
and y can be obtained giving the following Euler angles (and errors): a = 334.0" 
(13.0°), ,B = 41.4' (1.7"), and y = 207.3' (2.5*). 
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